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I N T R O D U C T I O N
The atmosphere and the oceans are powered by solar radiation and are
constantly in motion. Monsoons are manifestations of air in motion. So, too,
are trade winds, sea breezes, waterspouts, tropical cyclones, extra-tropical
depressions and the towering Cumulonimbus clouds of the Intertropical
Convergence Zone.
Waves and swell and the great ocean currents are
manifestations of water in motion.
Atmospheric and oceanic motions embrace a wide range of time and space
scales, from the tiniest turbulent eddies, which survive as recognizable
entities for no more than a second or two, to the variations in ice cover and
the global climatic fluctuations, which extend over millennia.
There are systems and subsystems in both the sea and the atmosphere,
and the different scales of motion within them are linked through "scale
interactions". These interactions tend to be complex, so that distinguishing
between cause and effect is not always easy. The oceans and the atmosphere
not only contain many systems but also combine to function as a single global
system of two coupled fluids, the ocean-atmosphere system.
Interest in the oceans has never been more intense than it is today.
From time immemorial, seafarers have embarked upon voyages of exploration and
ventured out upon the waters of the sea to fish, trade or fight. Nowadays,
marine activities are manifold. Still there are voyages of exploration, if we
may so describe the research cruises of physicists, chemists, biologists,
geologists and other scientists interested in the sea.
Still there are
fishermen, and still the oceans are used for transportation and for military
purposes. Today, however, they are, additionally, used for recreation and for
the disposal of dangerous wastes. Moreover, oil and gas are extracted from
beneath the seabed in various parts of the world; and other sources of energy
are also available at sea:
winds, waves, tides and oceanic temperature
gradients can all be utilized. The sea is also a source of minerals and
chemicals; and icebergs are a potential source of freshwater for the arid
regions of Australia, South America and southern Africa.
However, the sea is a hostile and dangerous environment for humans.
Atmospheric and oceanic motions affect all marine activities, and they also
spread pollution. It is therefore vital to understand atmospheric and oceanic
behaviour and provide adequate forecasts of weather and the state of the sea.
The need for routine observations and special research endeavours is obvious.
This Compendium is concerned with the atmosphere over the oceanic
regions of the globe and also with the uppermost layers of the sea.
We
examine the behaviour of the marine atmosphere and we explore air-sea
interactions. We focus upon atmospheric and oceanic systems and we study ways
and means of observing these systems. We also consider the forecasting of
weather and sea conditions and we outline meteorological services for
mariners. We begin with a survey of the geography and basic properties of the
oceans.

FOREWORD
At its sixth session (October, 1972) the Commission for Marine
Meteorology expressed its concern at the lack of training materials available
and agreed that it was necessary that lecture notes suitable for specialized
training in marine meteorology and physical oceanography should be prepared.
This recommendation was subsequently reflected in Resolution 18 (CMM-VI) and
in direct response to the resolution a Compendium of Lecture Notes in Marine
Meteorology for Class III and Class IV Personnel WM
( O-No. 434) was prepared by
Dr H.O. Mertins, Director of the Seewetteramt in Hamburg.
By 1985 the manuscript was practically out of print, but the demand
remained high.
As science, technology, codes, terminology, methods of
observation and communication in world-wide marine meteorology and physical
oceanography have changed considerably in the intervening period an updating
of WMO Publication No. 434 became desirable and timely following the 1982
revision of the syllabus for specialization in the subject.
The present publication was prepared to meet the high priority given
by Tenth Congress to marine meteorological services and to improved
specialized education and training in marine meteorology and physical
oceanography. With the kind co-operation of the Permanent Representative of
the United Kingdom of Great Britain and Northern Ireland within WMO this
compendium of lectures was written by Mr J. M. Walker of the Department of
Maritime Studies, Univerity of Wales.
I should like to take this opportunity to thank Mr Walker for his
highly competent work, and Mr S. K. Rinard of the US National Weather Service
for his appraisal and editing of the mauscript.
I am sure that this new edition of the Compendium of Lecture Notes in
Marine Meteorology for Class III and Class IV Personnel will be an invaluable
training aid to students and instructors. It also responds most appropriate.ly
to the rapid evolution in marine observation and service techniques and the
developing requirements of marine users, particulary those in developing
countries who may·in consequence take a greater part in the Marine Meteorology
Programme.

Secretary-General

CHAPTER 1
THE OCEANS

Geologists believe that Earth's crust formed about 4 600 million years ago and
that water began to accumulate in depressions on its irregular surface about
600 million years later. As the crust cooled, water vapour in the atmosphere
condensed and drops of rain began to fall. The water vaponr was probably
derived from volcanoes and hot springs.
Earth's shorelines have changed considerably since those primeval
beginnings, and they continue to change today, albeit slowly. The reasons are
as follows: continents and ocean basins move, driven by forces deep inside
the planet, a process lmown as "plate tectonics"; the surface of the sea falls
and rises as polar ice caps advance and retreat; and continents, which "float"
on the mantle beneath them, sink and rise isostatically as ice sheets
overlying them expand and contract.
1.1

Dimensions

The oceans now cover 70. 8% of Earth's surface, an area of 361 x
10 6 km 2 , and they contain 1.4 x 10 21 kg of water. About 7% of the
oceanic surface is covered with ice. As Figure 1.1 shows, the oceans are
unevenly distributed, with 67.4% of the land area of the globe located in the
northern hemisphere and 80.9% of the surface of the southern hemisphere
covered with water. Land predominates only between the parallels of 45° N and
70 ° N and between 70 ° S and the South Pole. Elsewhere, the oceans predominate.
Indeed, between 40 ° S and 65° S 98.2% of the planetary surface is covered with
water, and there is virtually no land at all between 55° S and 60 ° S.
Three large bodies of water extend northwards across the Equator from
the shores of Antarctica. They are lmown as the Pacific, Atlantic and Indian
Oceans. The Pacific Ocean is the largest of the three: its surface area is
180 x 10 6 km 2 , its average depth is 3 940 m, and it contains more than
half of the water in the world's oceans (7.1 x 10 1 7 m 3 ). The Indian Ocean
is the smallest, with a surface area of 74 x 10 6 lan 2 , an average depth of
3 840 m and a volwne of 2.9 x 10 1 7 m 3 • The Atlantic Ocean covers an area
of 107-x 10 6 Jan 2 and contains 3.5 x 10 17 m 3 of water.
For the most
part, it is no less deep than the other two oceans. However, its average
depth is considerably less, 3 310 m, owing to the shallowness of its marginal
seas (the Arctic Ocean, the Gulf of Mexico and the Caribbean, Mediterranean,
Baltic, Black and North Seas).
Al though there are, strictly speaking, only three oceans, seven are
recognized in popular parlance: the Indian, North Pacific, South Pacific,
North Atlantic and South Atlantic Oceans, plus the Arctic and Antarctic
Oceans. There is some scientific justification for considering the Arctic and
Antarctic Oceans to be individual bodies of water, and in this Compendiwn we
do, indeed, for reasons which are evident in Chapter 3, treat them as distinct
entities. However, for the ring of water which encircles Antarctica we adopt
the name which is in current usage, Southern Ocean.
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Features of the sea-floor

Near shorelines, the sea-floor slopes gently in the form of a terrace
Jmown as the continental shelf. Its average gradient is about 1 in 500 and
its average width 65 km. Actual widths vary greatly, however, from as little
as a few tens of metres off the west coast of South America to about 1 500 Jan
off the East Indies. At the seaward edge of the continental shelf, where the
depth is typically between 130 and 200 m, an escarpment known as the
continental slope is reached. Here, with a gradient typically between 1 in 15
and 1 in 25, the sea-floor plunges to the abyssal plain, which lies 3 000 to
6 000 m beneath the surface of the sea. Over 75% of the oceanic surface
overlies the abyssal plain; 7.6% overlies continental shelf, 15.3% overlies
continental slope and only 1.2% overlies water deeper than 6 000 m.
At the foot of each continental slope there is a large featureless
apron of sediment from the nearby continent. The term "continental rise" is
used to describe such a deposit. In some places continental shelves and
continental slopes are deeply cut by submarine canyons, many of them larger
than Arizona's Grand Canyon. Like their counterparts on land, submarine
canyons are steep sided, and they possess tributaries. They are apparently
erosional features, probably cut by turbidity currents, which are bursts of
water laden with sediment.
Mountain ranges rise from the abyssal plain in all the oceans. These
generally occur near the centres of ocean basins and are known as mid-ocean
ridges (or rises). Perhaps the most notable (Figure 1.1) is the Mid-Atlantic
Ridge, which is 20 300 Jan long and extends almost the whole length of the
Atlantic Ocean. Iceland, the Azores, St Paul Rocks, Ascension Island, Tristan
da Cunha and Bouvet Island are all part of it. There are trenches in the
oceans, too, the deepest being the Marianas Trench, in the North Pacific
Ocean, where, in the Challenger Deep, about 300 km south-west of Guam, a depth
of 11 022 m has been recorded. Several other trenches in the Pacific Ocean
are over 10 000 m deep. In the Atlantic Ocean, the deepest point so far
discovered lies 9 220 m beneath the surface of the sea in the Milwaukee Deep,
150 km north of Puerto Rico.· In the Indian Ocean, a depth of 7 450 m has been
recorded in the Java Trench.
Ridges and trenches are produced by tectonic movements of Earth's
crustal plates. So, too, are the submarine mountains (seamounts) and volcanic
islands which rise from the abyssal plain. The movements are slow, typically
2 to 7 cm per year and nowhere more than 20 cm per year. However, they are
not always steady. Stresses may build up, especially where plates converge.
When such stresses are relieved, sudden crustal movements occur. Earthquakes
and volcanic activity are characteristic of regions of tectonic instability.
This is particularly so around the Pacific Ocean, which is ringed with
trenches and arcuate chains of volcanic islands (island arcs).
1.1.2

Earth's mean radius is 6 371 lan. In a sense, therefore, the deepest
ocean is shallow. By human perception, however, oceans are deep. In terms of
access, for example, depth in itself poses a problem in respect of marine
activities. The immense pressures which are encountered within the depths of
the oceans pose another, for they seriously restrict marine activities. For
every 10 m depth the pressure increases by 1 atmosphere ( 1 atmosphere being
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the average pressure of the atmosphere at sea level,
approximately
1 000 hPa). Accordingly, pressures exceed 1 000 atmospheres in the deepest
trenches, and specially designed submersibles are needed to explore anywhere
beyond the upper levels of the oceans.
1.2

Illumination

Not only are the oceans deep; they are also dark, except in their
uppermost layers. Light penetrates but a short distance into water. The
precise distance depends on the clarity of the water and the wavelength of the
light (Figures 1.2 and 1.3). In passing through orre metre of pure water, the
loss of light of wavelength 0.46 µm (blue light) is only 1.6%, whereas it is
40% for light of wavelength 0.70 µm (red light). Thus, the oceans generally
appear blue.
As the clarity of water decreases, so the wavelength
corresponding to maximum transmission increases, until, in the least
transparent, turbid, coastal water, light of wavelength 0.58 µm (yellow
light) is transmitted best. Even so, the loss of yellow light in passing
through one metre of this water is as much as 41%.
Downward penetration of light into the sea can be expressed thus:
I z = I o exp(-kz), where Io is the radiation intensity at the surface,
I z the intensity at a depth of z metres below the surface, and k the
vertical attenuation coefficient. In the clearest ocean water (k = 0.02), the
value of I z /I o at a depth of 10 m is about 22%, and at a depth of 200 m it
is 2%. In turbid coastal water (k = 2), practically no light reaches a depth
of 10 m. It should be borne in mind, however, that k varies with depth,
because the surface waters of the sea contain more foam, air bubbles,
particles of silt and minute plant and animal life than deeper waters.
Therefore, care should be exercised when using an exponential relationship
between I z and Io.
1.3

Temperatures

Besides being deep and dark, oceans are mostly cold. In general,
temperatures exceed 5 ° C only in low and middle latitudes, and even there only
in the uppermost 1 500 m or so (Figure 1.4). In surface waters, temperatures
range from -l.9 ° C in polar regions to over 30 ° C (at certain times of year) in
the Red Sea, Persian Gulf and western parts of the Pacific Ocean. Below a
depth of about 4 000 m, temperatures exceed 2.5 ° C only in and around the hot
springs which exist on the sea floor in tectonically active regions. On the
floor of the Red Sea, for example, temperatures of over 50 ° C have been
recorded, and on mid-ocean ridges in the Pacific Ocean temperatures of- over
350 ° C have been measured in hydrothermal springs issuing from seabed vents.
The water does not boil because pressures at these depths are too high to allow
it to do so. The reasons for deep water generally being so cold are discussed
in Chapter 3.
In the upper ocean, temperatures are regulated by advection (horizontal
transfer) of water masses and by surface diabatic processes (such as evapora
tion, emission and absorption of radiation, and turbulent exchange of heat).
This part of the ocean is well mixed, largely by means of waves. The depth of
this mixed layer, which depends upqn the intensity of wave action, is usually
less than 100 m but in stormy regions may be as much as 150 m. Because of the
mixing, the layer is approximately isothermal (constant temperature). Between
the mixed layer and the underlying cold water there is a transition layer, or
thermocline, in which temperature falls quite sharply with depth.
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1.3.1

Thermoclines
------

In low latitudes, where winds tend to be light and waves
correspondingly small, the thermocline is usually very sharp and located only
100 m or so beneath the surface of the ocean (Figure 1.5). Temperatures are
typically as follows: 20 ° C or more at the surface, 8 ° C at a depth of 500 m,
5 ° C at 1,000 m, and 2 ° C at 4 000 m. In middle latitudes, where the upper
ocean is cooler than in low latitudes, the thermocline is less sharp and lies
deeper beneath the surface than in the tropics. In high latitudes, where
surface cooling produces convective mixing of the upper ocean, surface and
deep-water temperatures are comparable.
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(a) The attenuation coefficient (k) as a
function of wavelength Cl) in the clearest
oceanic water and in turbid coastal water.
(b) Relative energy reaching 1, 10 and 50 m
depth in the clearest oceanic water and
reaching 1 and 10 m in turbid coastal water

Below the thermocline, water temperature varies little from year to
year, but in the mixed layer it varies seasonally. The amplitude of the
annual variations ranges from 1 ° or 2 ° C in polar regions and near the Equator
to over 15 ° C in north-western parts of the North Atlantic and North Pacific
Oceans. During summer months, when the upper ocean is warmed and the weather
is not as stormy as in winter, a seasonal thermocline forms in middle
latitudes at a depth of 15 to 40 m. This is an additional thermocline; the
main or permanent thermocline is present at a depth of 300 to 1 000 m
throughout the year.
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Salinity

Besides being deep, dark and cold, oceans are salty. More substances
dissolve in water than in any other fluid. Indeed, 80 of the known elements
have been detected in sea water and the others may also be present. When
salts dissolve in water, dissociation occurs. It is therefore customary to
express the saline constituents of sea water ionically.
The principal cations are sodium (Na•, 30.6%), magnesium (Mg 2 • ,
3.7%), calcium (Ca 2 + , 1.2%) and potassium CK + , 1.1%). The chief anions
are chloride
(Cl-, 55.0%),
sulphate
(SQ4
7.7%),
bromide
(Br - ,
0.2%) and bicarbonate (HCQ3 , 0. 4%). Together with boric acid {H3B03),
these eight constituents comprise 99. 9% of all the dissolved salts in sea
water. The remaining O .1% includes nitrates, phosphates and silicates, as
well as iron, manganese, zinc, copper, cobalt and molybdenum. These minor
constituents all serve as essential nutrients for marine plants. Nitrates and
phosphates are especially important.
Salinity is defined as the total amount of solid material dissolved in
a kilogram of sea water. It is expressed in grams per kilogram or parts per
thousand ( 0 /oo). The average salinity of the oceans is about 34.7 ° / 00
and the total amount of dissolved salt in the waters of the sea about 4. 8 x
10 19 kg.
1.4.1

As shown in Figures 1.6(a) and (b), the most saline water in the world
is found in the largely landlocked seas adjacent to the arid regions of Arabia
and North Africa, where evaporative losses of water to the atmosphere are
considerably greater than fresh-water inputs to the sea from rivers and
precipitation. Salinity values exceed 40 ° / 0 0 in the Red Sea and parts of
the Persian Gulf, and in summer they reach 39 ° /oo in the Mediterranean Sea
east of Sicily. In the open ocean, the most saline water is found in the
low-latitude areas of the North Atlantic and South Atlantic Oceans where
precipitation is scanty and evaporation rapid (the areas dominated by
subtropical anticyclones and trade winds). In the uppermost layers of the sea
in these areas salinity values of more than 37.0 ° /oo occur widely.
The least saline sea water is found in the Gulf of Bothnia (the
northern arm of the Baltic Sea), which receives large discharges of water from
rivers. From the Gulf of Bothnia to the Kattegat, salinity increases from
Salinity values are also low in the
about 3 ° / oo to about 30 ° 1 00 •
surface waters of the Black Sea (about 18 ° / o 0) and off the mouths of major
rivers, such as the Amazon, Ganges, Irrawaddy, Niger, Congo, Mississippi and
St Lawrence. In the Bight of Biafra, for example, values of less than
20 ° /oo occur.
Away from coastal influences, salinity in the upper ocean varies
comparatively little, both spatially and seasonally. In the surface waters of
the open Atlantic Ocean it ranges from about 34.0 ° /00 to about
37.25 ° / oo, in the Indian Ocean it ranges from about 33.5 ° 1 00 to about
36.5 ° 1 00, and in ° the Pacific Ocean it ranges from about 3 2.5 ° 1 00 to a
little over 36.0 /ao•
Maxima occur in areas dominated by subtropical
anticyclones and trade winds. Lower salinity values occur in areas affected
by the Intertropical Convergence Zone and extratropical depressions, where
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� Less than
� 34%0

Figure 1.6(a) - The salinity of surface water in the Atlantic Ocean
precipitation more than compensates for evaporation.
Salinity is also
comparatively low in high latitudes, where dilution results not only from an
excess of precipitation over evaporation but also from the availability of
meltwater from sea ice and icebergs.
Salinity in deep water

1.4.2

Beneath the stirred waters of the upper ocean, variations of salinity
are small, in both space and time. Below a depth of 1 000 rn (Figure 1. 7),
salinity values in the open ocean fall outside the range 34.3 ° / oo to
35.2 ° /
only in the tongue of water which flows from the Mediterranean
Sea into the North Atlantic Ocean (see Chapter 3). Below 4 000 m, salinity is
00
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Figure 1.6(b) - The salinity of surface water in the Indian and Pacific Oceans
In the Red Sea, which is
everywhere between 34.6 ° /oo and 34.9 ° /00•
largely isolated from the Indian Ocean by the Bab el Mandeb Sill, the salinity
is uniformly 40.6 ° /oo below a depth of 250 m.
1.5

Density

Together with temperature and pressure, salinity determines the
density of sea water. In the upper ocean, where the effects of pressure (p)
on water density Cpw > can be disregarded, the relationship between
temperature (T), salinity CS) and density can be displayed graphically in the
form of a temperature-salinity diagram (Figure 1. 8). Because variations of
density with T and S are rather small, it is customary, for convenience, to
refer not to Pw but to a parameter Ot, defined as:
Ot = Pw - 1 000
3
where P w is expressed in kg/m •
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The
diagram
shows the relationship between temperature {T),
salinity
CS)
and
density
Ca t >
at
atmospheric pressure. Approximately 90% of the
water in the sea has a temperature and salinity
within the hatched rectangle

•As water is slightly compressible, pressure must be taken into account
Pressures deep in the ocean are sufficient to
when considering deep water.
produce
adiabatic
compression
and,
therefore,
a
small
increase
in
°
temperature.
For a sample of water of salinity 35 /oo and temperature
0 ° C, for example, a t is 28.13. At a depth of 4 000 m, however, because of
compression,
O't,
or
as,t,p
as
it
is
now
called, is
48.49.
The
associated change of temperature in moving water from the surface to a depth
of 4 000 m, or vice versa, is about O.5 ° C.
Consequently, both potential
temperature (8) and in situ temperature (T) are us.ad in oceanography,
being the temperature which water would possess if transferred adiabatically
{without gain or loss of heat) to a standard pressure.
Atmospheric pressure
is usually used for this purpose.

a

1.5 .1

Spatial variations_of density

In the surface waters of the southern hemisphere, there is a broadly
zonal arrangement of isopycnals (density contours). As shown in Figure 1.9,

CHAPTER 1

14

the most dense water occurs in the Southern Ocean, close to Antarctica, where
values of Ot exceed 27.8. The least dense water occurs off Indonesia,
where values of Ot are less than 20.
In the surface waters of the
northern hemisphere there is also a tendency for density to decrease gradually
from high to low latitudes, but there are exceptions. For example, there is a
marked north-south orientation of isopycnals in the Norwegian Sea during
summer months. The water in the North Atlantic Drift Current is more dense
than the waters off the coasts of Norway and Greenland. This results from
dilution. At this time of year, the glaciers of Norway and Greenland supply
large volumes of meltwater. In addition, the East Greenland Current contains
melting sea ice.
February
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Figure 1.9 - The density of surface water in February and August.
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The least dense sea water in the world is found in northern parts of
the Gulf of Bothnia, where, in swnmer, values of o t are typically less
than 3. Water of low density also occurs in the tropics off the deltas of the
great rivers. Off the Irrawaddy Delta during the southwest monsoon, for
example, values of Ot are less than 15. In contrast, very dense surface
water is found in the Mediterranean Sea during winter, when temperatures and
salinities are such that values of Ot exceed 29. The most dense water of
all is found in the deepest trenches, where, because pressures are immense and
water is compressed slightly, values of Ot reach 70.
The density of the upper ocean has practical significance, for the
dependence of buoyancy upon water density forms the basis of the loadline
regulations, which are rules governing the minimum freeboard of a vessel in
relation to sea area and time of year (Figure 1.10). The density of sea water
is also important in respect of ocean dynamics, because, as we see in
Chapter 3, large-scale circulations in the oceans result not only from the
action of wind on the sea but also from density contrasts between water masses.
1. 5 .2

Static stability in the oceans also depends upon density. In low
latitudes, for example, there is usually a shallow surface layer of almost
uniform density above a transition layer in which density increases rapidly
with depth; in the underlying deep water, density increases comparatively
slowly with depth. The transition layer, known as the pycnocline, is very
stable and is therefore a barrier through which vertical exchanges of water
between the surface mixed layer and the ocean depths tend to be very small.
In most ocean areas the pycnocline and the thermocline coincide, but in high
latitudes both tend to be absent or ill defined.
1.6

Life in the sea

As stated earlier, oceans are deep, dark, cold and salty. In addition,
they are constantly in motion, sometimes vigorously so. Accordingly, they are
hostile and dangerous places for humans. Nevertheless, man's remotest
ancestors were probably marine creatures, and today, despite their apparently
perilous nature, the oceans still sustain abundant life. Indeed, where surface
waters are rich in nutrients the seas teem with life. From the microscopic
bacteria and the tiniest forms of phytoplankton (drifting plants) and
zooplankton (drifting animals) to the largest seals and whales, through the
manifold types of fish, crustacea, molluscs, seabirds, and so on, the oceans
support life.
The existence of life in the sea depends not only on nutrients but also
on sunlight and dissolved gases. In photosynthesis, for ·example, the process
by which, with the aid of sunlight, plants synthesize living matter from the
chemical nutrients in sea water, carbon dioxide is utilized as follows:
where hv represents energy from sunlight. That is, oxygen and carbohydrate
are produced from carbon dioxide and water in the presence of sunlight. When
animals obtain energy from their food, they do so by a process known as
respiration, which is essentially the opposite of photosynthesis.
They
conswne carbohydrate and oxygen and release carbon dioxide and water.
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All atmospheric gases dissolve in sea water, those of greatest
ecological and biological significance being nitrogen, oxygen and carbon
dioxide. Although carbon dioxide is present in sea water in the form of
dissolved
CO 2 ,
it is also present in both carbonate
(CQ3 ) and
bicarbonate (HCO1) ions and in undissociated carbonic acid
CH2CO1J.
This acid and these ions help maintain the slight alkalinity of the oceans,
the pH of sea water being typically in the range 8.0 to 8.3.
In the atmosphere, in the absence of water vapour, the proportions of
nitrogen, oxygen and carbon dioxide are, by volwne, 78%, 21% and 0.03%
respectively (see Chapter 2).
In the oceans, however, the proportions of
these gases are considerably different. The solubility of oxygen in sea water
exceeds that of nitrogen, and carbon dioxide is much more soluble in sea water
than either of these gases. The proportions are also variable, because the
amount of gas which can be dissolved in sea water depends upon temperature and
salinity.
In surface water of salinity 35 ° / oo and �emperature 12 ° C,
concentrations of nitrogen, oxygen and carbon dioxide are 11.1, 6.2 and
0.3 ml/1 respectively. Nitrogen concentrations range from 8.4 to 14.5 ml/1
and oxygen concentrations from Oto 8.5 ml/1.
Oxygen concentrations are greater in high latitudes than in low
(because solubility increases as temperature decreases), and they are also
greater in the upper ocean and in deep water than at intermediate depths. The
oxygen in surface water is derived from the atmosphere and from marine
plants. Deep water is well oxygenated because in high latitudes, especially
around Antarctica, an average of 44 x 10 6 m 3 of oxygen-rich surface water
sinks to the bottom of the ocean every second and thence spreads out over the
sea floor to most parts of the ocean basins (see Chapter 3).
Marine organisms occur everywhere in the oceans. Accordingly, oxygen
is conswned at all depths. However, deep levels of the Black Sea, which are
effectively isolated from the Mediterranean Sea by the shallowness of the
Bosporus, are virtually stagnant and devoid of oxygen.
Consequently, animal
life is impossible there, and only anaerobic bacteria can flourish.
1.6.2

Besides water, carbon dioxide and sunlight, phytoplankton require
nutrients. Without them, the plants cannot grow and reproduce. In some
surface waters, nutrients are abundant, but in others they are comparatively
scarce. They ·are abundant wherever water motions cause them to be lifted into
the sunlit surface layer of the sea.
Coastal waters and the waters over continental shelves are especially
productive, for upwelling (see Chapter 3) and upward vertical mixing commonly
occur in them. The waters of the Southern Ocean around Mtarctica are also
highly productive, for the same reason. In the open ocean in temperate and
tropical latitudes, on the other hand, phytoplankton productivity is generally
low, because oceanic motions are such that surface waters tend to be depleted
of nutrients.
Areas rich in phytoplankton are found near the Equator,
however, in regions of surface divergence (and therefore upwelling). They are
also found a1ong oceanic fronts, where turbulent mixing lifts nutrients into
the sunlit surface layer of the sea.
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Directly or indirectly, the motions of the sea which control
distributions of nutrients in the upper ocean are themselves largely
controlled by atmospheric motions. The processes concerned are considered in
later chapters, particularly Chapter 3. Now, however, we turn our attention
to the properties of Earth's atmosphere.

CHAPTER 2
THE

ATMOSPHERE

About 4 800 million years ago, when Earth was still a molten sphere, surface
temperatures were so high C in excess of 8 000 ° C) that gases were able to
overcome the planet's gravitational field and escape into space. During the
next 200 million years, however, the planet cooled sufficiently for its crust
to form. Then, as a result of volcanic activity and degassing C the gradual
release of gases hitherto dissolved in molten rock), Earth became enveloped in
an atmosphere which was composed largely of water vapour, carbon dioxide and
nitrogen, with substantial quantities of hydrogen, chlorine, sulphur dioxide
and sulphur trioxide also present.
2.1

Composition of the atmosphere

The composition of the primordial atmosphere was considerably
different from that of the mixture of gases which we breathe today.
Initially, the atmosphere was dominated by carbon dioxide. Now, the most
abundant constituent of the atmosphere is nitrogen, with a concentration of
78.1% by volume in dry air (that containing no water vapour).
The
concentration of carbon dioxide is now only 0.035%. Moreover, free oxygen was
absent from the primordial atmosphere, whereas its concentration is nowadays
20.9%. The present-day atmosphere is largely composed of only four gases
(nitrogen, oxygen, argon and carbon dioxide), which together constitute 99.97%
of the volume of dry air (Table 2.1).
2.1.1

Carbon dioxide_(CO2)

The amount of carbon dioxide in the atmosphere varies naturally in
space and time, partly because of photosynthesis and respiration and partly
because the gas dissolves readily in water. At 50 ° N, for example, the
concentration is about 8 ppm greater in spring than in late summer. However,
as shown in Figure 2.1, the amount has also been increasing steadily for at
least a century and a half, owing to combustion of fossil fuels such as coal,
oil and natural gas.
Between the years 1870 and 1980 the average
concentration of atmospheric carbon dioxide increased from 290 to 335 ppm, and
it is now about 350 ppm. As CO2 efficiently absorbs and re-emits energy
radiated from the atmosphere and Earth's surface, a global warming of the
atmosphere will most likely occur.
2.1.2
Water vapour is present in the atmosphere too, albeit 1n small
amounts. Nevertheless, this gas is vital, for without it life as we know it
would be impossible on this planet. The amount of atmospheric water vapour
varies widely� both in space and time, from about 4% by volume rn the warm,
humid air of the Intertropical Convergence Zone near the Equator to virtually
zero in the cold air over polar regions and dry air over deserts.
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TABLE 2.1

Evolution of Earth's atmosphere, from 4.25 billion years ago
to the present day (from Lockwood, 1985)

Mass of atmospheric components

Surface
Time
(billions of pressure
years BP
(atm)

NH 3
Ar
CH 4
H 20
02
C02
Teu ( Tsurf)
N2 2
(10 1 g) (1021 g) (102 0 g) ( 1021 g) (1017 g) (1019 g) (10 1 9 g) (OK) (o·Kl

4.25
4.00
3.75
3.50
3.25
3.00
2.75

1.25
1.37
1.39
1.32
1.22
1.10
0.97

0.75 .
0.56
0.32
0.31
0.52
0.87
1.31

0
0
0
0
0
0
0

2.50
2.25
2.00
1.75
1.50
1.25
1.00

0.73
0.62
0.75
0.76
0.77
0.77
0.78

1.57
2.14
3.76
3.81
3.84
3.87
3.89

0.75
0.50
0.40
0.30
0.20
0.10
0

0.78
0.79
0.85
0.90
0:94
0.97
1.00

3.90
3.91
3.91
3.92
3.92
3.92
3.92

3.37
5.13
6.00
5.93
5.39
4.56
3.52

0.74
1.79
2.23
2.29
2.15
1.90
1.62

0.04
0.16
0.34
0.57
0.86
1.18
1.54

4.18
7.68
9.67
8.27
5.75
3.77
2.61

217
218
219
219
220
221
224

305
314
317
315
310
304
299

0
0
0.06
0.06
0.08
0.08
0.09

1.37 2.22
1.03 0.93
0.646
0
0.365
0
0.215
0
0. 117
0
0.049
0

1.46
1.09
0
0
0
0
0

1.93
2.35
2.79
3.25
3.72
4.21
4.70

2.30
1.86
0.77
0.69
0.69
0. 71
0.72

230
238
250
251
252
253
254

297
294
281
279
279
280
280

0.10
0.10
0.43
0.69
0.86
1.03
1.21

0.024
0.024
0.024
0.024
0.024
0.024
0.024

0
0
0
0
0
0
0

5.21
5.72
5.93
6.14
6.35
6.55
6.76

0.79
0.90
1.02
1.10
1.16
1 .21
1.27

255
256
256
256
255
255
255

281
283
285
286
287
288
288

23.2
13.4
8.28
5.27
3.54
2.48
1.81

0
0
0
0
0
0
0

Carbon dioxide and water vapour are known as greenhouse gases, because
they are almost transparent to solar radiation but almost opaque to much of
the radiation emitted from the atmosphere and Earth's surface (known as
terrestrial
radiation) .
Ozone,
methane,
nitrous
oxide
and
the
chlorofluorocarbons are also greenhouse gases. As we see in Chapter 4, these
gases serve to maintain the mean temperature of Earth's surface at about 15 ° C,
whereas a temperature of no more than about -18 ° C is needed to balance receipt
of radiation from the Sun against expenditure of terrestrial radiation emitted
into space.
2.2

Temperatures

Actual surface temperatures over the globe range widely, from well
below 0 ° C over the Antarctic ice-cap to more than 50 ° C (in mid-afternoon) in
arid regions of the tropics and subtropics. .The temperature has twice reached
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Figure 2. 1 - Changes in atmospheric carbon dioxide resulting
from combustion of fossil fuels during the
period 1860 to 2000 and (inset) changes in
atmospheric concentration of carbon dioxide at
Mauna Loa, Hawaii, from 1958 to 1982
57. 8 ° C in the shade, at Azizia (Libya) on 13 September 1922 and San Luis
(Mexico) on 11 August 1933. A record low temperature of -89.2 ° C was recorded
at Vostok (78° 27 1 S, 106 ° 52'E), a Soviet Antarctic base, on 21 July 1983.
However, these extremes occurred well away from the sea.
Over the oceans, very high temperatures occur only near the desert
coasts of the tropics and subtropics, and very low temperatures occur only in
the Arctic and Antarctic. Away from coasts and ice-covered waters, air tends
to assume the temperature of the underlying sea surface. The temperature of
the sea surface varies little from hour to hour or day to day or even, as
mentioned in Chapter 1, from season to season. Temperature variations are
also small at land stations near the Equator, but at land stations elsewhere,
particularly those in arid regions or a long way from the sea, diurnal and
seasonal variations of temperatures tend to be large.

22

CHAPTER 2

From Earth's surface up to a height of 6 to 18 km, temperature
generally decreases with height (Figure 2. 2). This layer of the atmosphere,
called the troposphere, contains most of the water vapour in the atmosphere
and virtually all of the clouds and precipitation. Above it, to a height of
about 50 Jan, is the stratosphere, in which temperature increases with height.
From 50 Jan upwards to an altitude of about 80 km, in the layer known as the
mesosphere, temperature again falls with height, and above that, in the
thermosphere, temperature increases once more.
The boundary between the
troposphere and the stratosphere is called the tropopause, and the upper
boundaries of the stratosphere and mesosphere are known as the stratopause and
mesopause respectively.
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Figure 2.2. - Generalized
atmosphere to a height of about 100 km. Ozone
(see section 2.1.3) is mostly found in the
lower stratosphere.
Noctilucent clouds {see
section 5.10.2) occur near the mesopause
The height of the tropopause varies with latitude and season. It is
lowest, 6 to 8 km, in polar regions and highest, 16 to 18 km, in equatorial
regions. In middle latitudes, it is typically 8 to 10 km in winter, 12 to
14 km in summer. The temperature at the tropopause is generally about -80 ° C
in low latitudes and between -40 ° and -60 ° C in middle and high latitudes.
Stratopause and mesopause temperatures are typically about 0 ° C and -90 ° C
respectively.
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2.2.2
In the troposphere, the rate of decrease of temperature with height
(lapse rate) varies considerably.
Indeed, an increase of temperature with
height is not uncommon, in which case a temperature inversion (or, simply,
inversion) exists.
As noted in Chapter 4, inversions may be hundreds of
metres or even a kilometre or more deep. They occur near the ground over
ice-covered and other cold surfaces, and they also occur in mid-troposphere in
the frontal zones of extra-tropical depressions as wel 1 as at boundaries
between subsiding air and underlying turbulently mixed air, and where the
plumes of warm air which stream downwind of high ground flow over cooler air.
Lapse rates are steepest over arid surfaces in low latitudes, where, in early
aiternoon, temperatures commonly fall 30 ° C or more in the first metre or so
above the ground.
The average lapse rate in the troposphere is about 6. 5 ° C
per kilometre.

2.2.3
Stability in the atmosphere depends upon the actual rate of change of
temperature with height at a given place and time (Figure 2.3). Where this
rate, called the environment lapse rate (ELR), is greater than the dry
adiabatic lapse rate CDALR), the atmosphere is unstable.
Upward motion and
convection occur naturally in such an atmosphere. In an inversion and in an
isothermal (constant temperature) layer, and, indeed, wherever the ELR is less
than the saturated adiabatic lapse rate C SALR), the atmosphere is stable.
Vertical motions are resisted in such an atmosphere. Where the ELR is less
than the DALR but greater than the SALR, the atmosphere is conditionally
unstable, being stable if unsaturated and unstable only if saturated. Such a
state is quite common, especially in low latitudes. If ELR = DALR, as is
often the case over the ocean surface, neutral stability exists, providing the
air is unsaturated..
In such an atmosphere, vertical motions are neither
encouraged nor resisted.
2.2.4
Whether or not a parcel of air is stable depends upon its density in
relation to the atmosphere surrounding it. If the parcel is less dense than
its environment it is buoyant and rises. If it is more dense it rises only if
forced to do so, as, for example, on the windward side of a ridge.
Meteorologists do not normally measure the density of air directly; instead,
they calculate it using the gas equation:
p

=

pRT

where p, p, T and R are pressure, density, temperature and the specific gas
constant respectively. Alternatively, the equation may be written:
Mp

=

pR*T

where M and R* represent molecular weight and the universa! gas constant
respectively. Close to sea level, M = 28.964 for dry air, p is approximately
2
5
10 N/m , R* = 8.31432 joules/mol degK and T is typically in the range 275
to 295K.
Thus, the density of dry air Cpa) is about 1.2 kg/m 3 •
We
consider the density of moist air later in this chapter.
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Height

Temperature

Figure 2.3 -

2.3

Atmospheric .stability: an unstable layer capped
The temperature inside a
by an inversion.
parcel of air CTr) is shown by the dashed
DALR Cdry adiabatic lapse rate) line and the
temperature
outside
the
parcel
(To)
is
represented by the ELR (environment lapse rate)
curve. The temperature of the parcel at the
The parcel rises freely in
surface is T s .
the unstable layer, where Tr is greater than
To
(as at level z1).
Above level z2
(where Tr = To), the parcel is no longer
buoyant, being colder than its surroundings

Humidity

2.3.1
According to Daltbn's law of partial pressures, the total pressure of
a mixture of gases is the sum of the pressures contributed by each of the
constituent gases. The contribution of water vapour is known as vapour
pressure, depicted by the symbol e. At any given temperature there is a limit
to the amount of water vapour which a sample of air can hold. When this limit
is reached the atmosphere is said to be saturated, and the corresponding
vapour pressure (Figure 2.4) is known as the saturation vapour pressure (SVP,
symbol e s >• At temperatures below 0 ° C two values of SVP are applicable, one
with respect to supercooled water Ce s ), the other with respect to ice (ei).
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2.3.2
The relative humidity of moist air at a given temperature is simply
the ratio e/e s expressed as a percentage (Figure 2.4). This applies to
temperatures above and below freezing. ruiother measure of humidity is the
dew-point temperature {Td), which is the temperature at which saturation
with respect to water occurs when air is cooled at constant pressure without
addition or removal of vapour (Figure 2.4). The definition of frost-point
temperature (T r) is identical, except that it refers to the temperature at
which saturation occurs with respect to ice. When air is saturated with
respect to ice, it is unsaturated with respect to water.
2.3.3
In practice, as we see in Chapter 5, e is usually obtained by means of
two similar thermometers, one recording the air temperature (T), the other,
wrapped in muslin saturated with pure water, recording the wet-bulb
temperature CTw >. When the air surrounding the wet muslin is unsaturated,
evaporation occurs. As cooling results from evaporation, Tw is always less
than T when the relative humidity is less than 100%. Briefly, Tw is defined
as the lowest temperature to which a sample of air can be cooled at constant
pressure by evaporating water into it. In unsaturated air it is always the
case that T > Tw > Td•
In saturated air these three temperatures are
equal. To some extent, one's own skin acts like a wet-bulb thermometer. As
water evaporates into the surrounding atmosphere the surface of the skin is
cooled.
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2.3.4

Yet another measure of humidity is the hurnidity mixing ratio (or,
simply, mixing ratio, r), which is the ratio of the mass of water vapour in a
sample of moist air, rn v , to the mass of dry air, m a , with which it is
associated.
Thus, symbolically, r = m v lm a , and the units are g/kg.
Because e and p are more readily measured than mv and m a , r is usually
expressed thus:
r =

Mv

e

M a (p-e)

where M v and M a are the molecular weights of water vapour and dry air
respectively. As M v /M a = 18/29, which is approximately 5/8, and as e is
very much smaller than p, it can be assumed for most practical purposes that:
r = Se/Bp
Mixing ratio is a particularly useful parameter in tephigrarn analysis (Figure
2. 5).
2.3.5

and
e = P v RvT,
the
gas
equation,
p-e = P a RaT
where
From
P v is the density of water vapour and Ra and Rv are the gas constants
for dry air and water vapour respectively. As the density of moist air (p)
is the sum of Pa and Pv , it follows that
p =

(p-lle/29)

or, for most practical purposes,
p =

(p-3e/8)

Alternatively, as r = Se/8p,
p =

p(l-3r/5)

Clearly, therefore, p decreases as e and r increase, given that p and T
remain constant. The value of R a is 287 joules/kg degK. Values of e and r
are highest in air near the ocean surface in the parts of the world which are
warm and humid, exceeding 30 hPa and 25 g/kg respectively over the Arabian Sea
and Bay of Bengal during the south-west monsoon and the Gulf of Guinea during
the period January to May.
They are lowest, about 5 hPa and 3 g/kg
respectively, over Arctic and Antarctic waters.
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Inside a rising parcel of air which is
unsaturated, the temperature falls at the dry
adiabatic lapse rate CDALR) and the mixing
ratio remains constant. Saturation occurs at
the level (the condensation level, or cloud
base) where the DALR and mixing ratio lines
intersect. Above this level, the temperature
inside the rising parcel falls at the saturated
adiabatic lapse rate CSALR).
The cloud top
lies near the level at which the SALR and ELR
curves intersect.
The temperature at the
surface is 17 ° C.
It is 11 ° C at the cloud
base. As the lapse rate in between (the DALR)
is approximately 10 ° C/km, the cloud base lies
at a height of 600 m. The mixing ratio at the
surface is 8.7 g/kg. It is 7. 3 g/kg at the
cloud top. Thus, the loss of water vapour in
cloudy condensation is 1.4 g/kg

2.4

Condensation

2.4.1

Dew and radiation fog

Once the dew-point temperature of a sample of air has been reached,
further loss of heat causes condensation to occur. Thus, on a calm night when
skies are generally clear of cloud, radiative cooling of land causes the
formation of dew or, if the temperature is low enough, hoar frost. When the
speed of the surface wind is 1 or 2 m/s, turbulent mixing is sufficient to
spread cooling upwards so that radiation fog forms.
When the wind is
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stronger, Stratus cloud tends to form. As diurnal variations of sea-surface
temperature are small, radiation fog does not form over the sea. However, it
may drift over estuaries and coastal waters, especially at night and in the
early morning, when temperatures are generally lowest and radiation fog is
therefore most likely to occur.
2.4.2
A further manifestation of atmospheric condensation is advection fog,
which forms when moist, stable air flows over a surface which is cooler than
the dew-point temperature of that air. In m±ddle and high latitudes this is a
common occurrence over the sea and windward coasts, particularly in late
spring and early summer, when the upper ocean is still comparatively cool. On
account of water's thermal inertia, sea-surface temperatures in these
latitudes tend to be lowest in March and highest in September.
A sea area notorious for advection fog is that which overlies the
Grand Banks of Newfoundland. In this area, warm moist air from over the Gulf
Stream is cooled and becomes foggy as it flows over the cool waters of the
Labrador Current. In summer, as shown in Figure 2.6, the frequency of fog
(visibility less than 1 km) over the Grand Banks exceeds 40%. Compounding the
problem, there is the additional hazard of icebergs at this time of year
(Chapter 3). On the Arctic Ocean in summer the fog frequency exceeds 50%.

Percentage frequency of fog over the oceans, July
- Over 40

-

30 to 40

r::iiii/i//i!!!i /i /i!i/!/i/l 20 to 30

D

10 to 20

Figure 2.6 - Percentage frequency of fog over the oceans in July
Over the sea there is little or no diurnal variation of advection fog;
this type of fog may occur at any time of day or night. Dissipation normally
occurs only when there is a change of air mass. Fog may also persist all day
on windward coasts, particularly where the sea is cool. This is a common
occurrence off coastal California, where sea breezes are frequently drawn
across the cool inshore waters of the California Current. However, fog which
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spreads inland from the sea usually disperses by day and re-forms at night.
This is especially so in summer. The warming effect of sunshine causes the
daytime clearance, and radiative cooling of the land aids re-formation.
Unlike radiation fog, advection fog can exist in winds of 7 or 8 m/s, or even
more if the surface of the sea is considerably colder than the overlying air.
When winds are stronger than 10 or 11 m/s, low cloud forms instead of fog.
2.4.3

-Sea- -smoke
- -

Another type of marine fog is sea smoke (also known as f:i.:ost smoke,
Arctic sea smoke or steam fog). Unlike advection fog, which forms when moist
stable air flows over a surface which is comparatively cool, sea smoke forms
when the surface of the sea is very much warmer than the air flowing over it.
A temperature difference of at least 9 ° C is normally required. As the lapse
rate in the air close to the surface of the sea is very much greater than the
dry adiabatic lapse rate, the air is unstable and convection occurs vigorously
in it.
Condensation occurs because air in contact with the surface of the sea
with overlying cold air. Given that the subscripts o, z and m on
Figure 2.7 refer, respectively, to air in contact with the surface, the
overlying cold air and the mixed air, the co-ordinates e m ,T m lie on a
straight line joining eo,To to e z ,T z .
For water droplets to form, the
point em,T m must lie above the SVP curve on the graph of SVP against T; it
should be noted that the SVP over saline water is about 2% less than it is
over fresh water. For all practical purposes, ea can be regarded as the SVP
corresponding to To, because the molecular diffusivity of water vapour in
air at a pressure of about 10 3 hPa is sufficiently large to cause air close
to the surface of the sea to be nearly saturated.

mixes

The water droplets are carried upwards by convection currents and
evaporate into drier air above. Typically, sea smoke is no more than a few
metres deep, so that visibility at eye-level and above is not seriously
impaired. Nevertheless, depths of 100 m or so are by no means exceptional,
and visibility falls occasionally to as little as 100 m.
In contrast,
advection fog is quite often several hundred metres deep, and radiation fog is
typically 15 to 100 m deep. Sea smoke occurs chiefly during autumn and winter
and is most common over Arctic and Antarctic waters and off the eastern coasts
of Asia and North America.
2.4.4

Condensation inside �afgQ ��c�s

Condensation may also occur aboard ships, particularly inside holds
and containers. When this happens, cargoes may be damaged. Droplets of water
may form on cargo, on bulkheads and deckheads, or on the inside surfaces of
containers, but wherever they form the cause is the same: the temperature of
the surface on which condensation occurs is lower than the dew-point
temperature of the air in contact with it. As noted in Chapter 7, the effects
include mould formation, germination of grain, caking of sugar or chemicals,
release of gases, rusting of cans, displacement of labels, and collapse of
packaging.
2.5

Clouds

Clouds are further manifestations of condensation in the atmosphere.
Their formation generally results from ascent of air but may also result from
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The formation of sea smoke. The curved line
represents saturation vapour pressure.
For
further explanation, see text (section 2.4.3)

low-level turbulence or the mixing of air masses. Vertical motions may be
widespread and slow (typically 5 to 15 cm/s), as in the warm and occluded
fronts of low-pressure centres, or they may be localized and rapid Ca few m/s
to several tens of m/s), as in convection currents. Orographic lifting is
also an important cause of condensation. Most clouds are composed of water
droplets or a mixture of water droplets and ice crystals, but clouds in the
upper troposphere are composed entirely of ice crystals. Supercooled water
droplets can exist at temperatures down to about -40 ° C.
2.5.1

Genera, species and varieties

Clouds are classified according to their appearance. There are ten
groups (genera), each subdivided into species and varieties. By international
agreement, Latin terminology has been adopted, the etymological basis being:
Cirrus (a lock or tuft of hair); Altus (high); Cumulus Ca heap); Nimbus (rainy
cloud); and Stratus Ca sheet or layer). These terms are used singly or in
combination to name the genera: Cirrus (Ci), Cirrostratus (Cs), Cirrocumulus
(Cc), Altostratus (As), Altocumulus (Ac), Nimbostratus (Ns), Stratocumulus
(Sc), Stratus (St), Cumulus (Cu) and Cumulonimbus (Cb).
Clouds are also grouped according to height (high, medium and low).
High clouds (Ci, Cs and Cc) occur at altitudes of 3 to 8 km in polar regions,
5 to 13 km in middle latitudes and 5 to 18 km in the tropics. They are
composed entirely of ice crystals.
Medium clouds (As and Ac) occur at
altitudes of 2 to 4 km in polar regions, 2 to 7 km in middle latitudes and 2
to 8 km in the tropics. They are composed predominantly of water droplets.
Low clouds occur between Earth's surface and an altitude of 2 km. However,
their vertical extent varies greatly. St and Sc clouds are generally quite
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shallow (up to a kilometre or so deep), whereas Cb clouds frequently reach the
tropopause. The anvils of Cb clouds are composed of ice crystals, but low
clouds are otherwise composed predominantly or entirely of water droplets.
Some commonly observed species of clouds are: lenticularis (like
lenses), as in Altocumulus lenticularis (Ac len); castellanus (castellated),
as in Altocumulus castellanus (Ac cas); uncinus (hooked), as in Cirrus uncinus
(Ci unc); fractus (broken), as in Stratus fractus (St fra); cumulogenitus
(generated by cumulus activity), as in Stratocumulus cumulogenitus (Sc cugen);
and
spissatus
(thickened),
as
in
the
variety
Cirrus
spissatus
cumulonimbogenitus (Ci spi cbgen), which refers to dense patches of Ci clouds,·
often in the form of anvils, remaining after the water droplets of Cb clouds
have evaporated. The principal species of Cumulus are: humilis (lowly), used
to describe clouds of small vertical extent (Cu hum); mediocris (medium), used
to describe clouds of moderate vertical extent (Cu med); and congestus (piled
up), used to describe the towering clouds which resemble cauliflowers (Cu con).
2.5.2

Trade-wind Cumulus_clouds

The only type of cloud formed over the sea but not over land is
trade-wind Cumulus, which occurs, as the name suggests, in the trade-wind
belts of the tropics, on the equatorward flanks of subtropical anticyclones
(high pressure centres). Clouds of this type are easily recognized by their
tendency to lean backwards, an indication of wind speed decreasing with height
(vertical wind shear) in the cloudy layer. Owing to mixing, the lapse rate in
the layer beneath the cloud in the trades is close to the DALR, and the mixing
ratio is almost constant (Figure 2.8). The condensation level is the level at
which the DALR line intersects the line of constant mixing ratio.
The bases of trade-wind Cumulus clouds are almost always 600 m or so
above the ocean surface. The vertical extent of the clouds is governed by the
altitude of the trade-wind inversion. This inversion, which separates mixed
air in the lower troposphere from subsiding air above, increases in altitude
from about 500 m over eastern parts of tropical oceans to over 2 km over
western parts. Where the height of the inversion is less than 600 m, Cumulus
clouds tend to be absent. As we see in Chapter 4, the processes which occur
in trade-wind Cumulus clouds and their sub-cloud layers are important in the
maintenance of the atmospheric general circulation.
2.5.3

Predominant
forms of cloud
----- -------

In middle and high latitudes, where weather is controlled by
depressions and anticyclones (Chapter 4), clouds of all ten genera occur
frequently. The list of possible meteorological circumstances is too long to
be given here. Let us merely note that Ci unc and sheets of Cs, As and Ns are
characteristic of warm and occluded fronts; Cu and Cb form in the unstable air
behind cold fronts; large areas of St and Sc are found in warm sectors; and Cc
and Ac also occur commonly in association with fronts. In low latitudes, over
both land and sea, Cu and Cb are the predominant forms of cloud, but clouds of
the other eight genera are not uncommon, especially in rain systems. For
example, Ci spi cbgen is often observed in the Intertropical Convergence Zone.
2.5.4

-Cumulonimbus
--- -- -clouds
-- -

Air ascends rapidly within Cb clouds, typically with a speed of 5 to
15 m/s but occasionally over 40 m/s. Downdraughts are also associated with
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Figure 2.8 - Mixing ratio and potential air temperature as a
function of height in the trades (see also
Figures 4.21 and 4.22). Potential temperature
(symbol r) is the temperature air would
possess if transferred adiabatically to a
pressure of 1 000 hPa. Where the lapse rate is
dry adiabatic, r is constant with height
such clouds. These downdraughts are cold, partly because they have descended
from mid-troposphere and partly because evaporation of precipitation has
occurred in them. They also tend to be gusty, with gusts sometimes as strong
as 50 m/s. Violent downdraughts pose a real danger to ships, especially small
ships, sailing vessels and ships operating in restricted waters.
When downdraughts reach the surface of the sea they spread out to form
shallow layers of cool air.
These layers are heated quite quickly frem
below. Nevertheless, there is little or no convective activity in them for
several hours, the time required for the downdraught air to be warmed
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sufficiently to become buoyant again. It is evident that developing, mature
and decaying Cumulus and Cumulonimbus clouds coexist when the atmosphere is
deeply unstable.
Cb clouds contain vigorous upcurrents and cold downdraughts, and they
produce heavy showers of rain or snow. Many of them also produce lightning
and hail. Indeed, lightning and hail are associated only with Cb clouds. We
shall turn our attention to atmospheric electricity later in this chapter.
Let us now consider hail and other forms of precipitation.
2.6

Precipitation

2.6.1

Hail

Hailstones are created where upcurrents in Cb clouds are sufficiently
vigorous and air motions within the clouds suitably organized. They are
usually small (diameter less than 1 cm) but occasionally reach grapefruit size
(diameter 12 cm or more). Hailstorms occur most frequently over land in
middle latitudes, where the necessary wind shears and horizontal temperature
gradients are most common. They are least frequent in high latitudes, where
upcurrents in Cb clouds tend to be weak and amounts of water in the clouds
small. They are comparatively infrequent over the oceans in middle latitudes
too, because the intense surface heating needed to generate sufficiently
vigorous, well-organized Cb clouds does not occur there.
They are also
comparatively infrequent over the oceans in low latitudes, where, again,
strong surface heating is absent (except over islands) and the necessary
vertical wind shears seldom occur.
2.6.2
In the precipitation-bearing clouds of warm and occluded fronts, snow
and rain are produced largely by the Bergeron-Findeisen process, in which ice
crystals grow at the expense of supercooled .water droplets and the resulting
This
snowflakes start to melt once they have fallen to the 0 ° C level.
mechanism, which depends upon the presence of ice crystals, cannot explain the
formation of precipitation in clouds which are wholly warmer than 0 ° C. There
are many such clouds, not only in the tropics and subtropics, but also in
temperate latitudes (in summer). Precipitation formation in such warm clouds
depends mainly upon the coalescence process, in which large water droplets
collide with smaller ones. To create an initial supply of large droplets,
and, indeed, to encourage condensation to take place at all, condensation
nuclei are required. Particles of salt derived from sea spray are important
as such nuclei.
The smallest cloud droplets are but a few mm in diameter, and they
sink with a speed of 1 mm/s or so in still air. The largest are about
100 mm (0.1 mm) in diameter, and their terminal speed is about 25 cm/s in
sti11 air. Therefore, most cloud droplets remain aloft in the upcurrents
responsible for their formation. The diameters of drizzle-sized drops range
from about 200 mm (0.2 mm) to 500 mm (0.5 mm), with a corresponding range
of terminal speeds from 0.7 to 2.1 m/s (Table 2.2). Raindrops more than about
5.5 mm in diameter become deformed by the drag exerted on them as they fall,
and they break up into smaller drops. The largest raindrops fall with a speed
of about 9.2 m/s.
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TABLE 2.2
Typical terminal speeds of precipitation particles
(from Pedgley, 1978)

Radius

Cloud droplets
Drizzle

l
{

Raindrops

Diamet er
mm
2
3
4
5
10 to 40

µm
1
5
10
50
100
250
500
1000
1500
2000
2500

Water drops
Terminal speed
cm s-1
0·01
0·25
1·0
25
70

mm
0·001
0·005
0·01
0·05
0·1
0·25
0·5
1 ·0
1·5
2·0
2·5

m s-1

2·1

4·0

6·5
8·1
8·8
9·1

Graupel
Snowflakes
Terminalspeed

1 ·2
1·4

1·6

1·7
1·0 to 1 ·7

ms-1

1 ·5
2·0

2·3

2·5
approx. 2·7

Large snowflakes (diameter 10 to 40 mm) flutter as they fall, so their
terminal speeds range widely, from 1. 0 .to 1. 7 m/s. The terminal speeds of
snowflakes which are 2 to 5 mm in diameter range from 1. 2 to 1. 7 rn/s. The
pellets of soft hail known as graupel range in diameter from 2 to 5 mm, the
corresponding terminal speeds being 1. 5 to 2. 5 m/s. The largest hailstones
are falling at 50 rn/s or more when they reach the ground.

2.6.3

Precipitation distributions

Details of precipitation distributions over the oceans are given in
Chapter 4. At this point we merely note that amounts of precipitation tend to
be greatest in low and middle latitudes.
The cloud systems of the
Intertropical Convergence Zone ( ITCZ) yield more than 3 000 mm/yr in places.
Extra-tropical depressions, which produce at least 1 000 mm/yr at most oceanic
locations in middle latitudes, produce more than 2 000 mm/yr off southern
Chile and over the Gulf of Alaska.
Monsoons and tropical cyclones also
produce large amounts of precipitation in the tropics and subtropics, as we
see in Chapter 4. Dry weather is the norm where subtropical anticyclones are
dominant, and precipitation amounts decrease polewards frorn the main storm
tracks of middle latitudes.
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2.6.4

As already noted, vertical motions are critical to the formation of
precipitation. In the lower troposphere, upward motion is associated with
convergence of air and downward motion with divergence.
In the upper
troposphere, as the tropopause effectively serves as a barrier to vertical
motions, subsidence is associated with convergence and upward motion with
divergence. In a developing depression or trough of low pressure, there is
normally convergence in the lower troposphere and divergence aloft.
In a
developing anticyclone or ridge of high pressure the reverse is true.
Accordingly, there tends to be widespread ascent of air in developing lows and
widespread subsidence in anticyclones. Where there is ascent, condensation
occurs and clouds form. Where there is descent, air is compressed and so
becomes warm, dry and cloudfree.
2.7

Winds

2.7.1
Winds blow clockwise around low pressure centres in the southern
hemisphere, anticlockwise in the northern, and they blow anticlockwise around
anticyclones (high pressure centres) in the southern hemisphere, clockwise in
the northern. Therefore, as is stated in Buys Ballot's law, an observer in
the northern hemisphere has low pressure on his left if his back is to the
wind.

2.7.2
When isobars are straight and parallel and friction is absent, winds
are related to horizontal pressure gradients through the geostrophic wind
equation:
1

20p(sin <I>)

Mt

where V g is the speed of the geostrophic wind, n the angular velocity of
Earth's rotation (7.29 x 10- 5 rad/s), <I> the latitude, �h the shortest
distance between adjacent isobars, and �p the difference of pressure between
these isobars (Figure 2.9).
Accordingly, for any given latitude, V g is
inversely proportional to Ml (Figure 2.10), assuming that variations of p
are negligible and �p is constant (as it usually is on isobaric charts).
The term 20p (sin <P) is lmown as the Coriolis parameter and is denoted by
the symbol f.
2.7.3
The gradient wind speed (Va) is a closer approximation to the actual
wind speed than V g . In the absence of friction, it is given by the equation:

fR
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Figure 2.10 - Geostrophic wind scale
where R is the radius of curvature of the isobars and the + and - refer,
respectively, to anticyclonic and cyclonic motion (Figure 2.11).
This
quadratic equation yields the following solution for cyclonic motion:
VG

-fR

= -[1 + (1 + 4V g /fR) 0 "5]
2

From this, VG can easily be calculated, because
Vg
fR

=

1

--

�p

.........

£ 2 pR Ml
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Figure 2.11 - The gradient wind for (left) cyclonic motion and (right)
anticyclonic motion.
The gradient wind (Va) represents a
balance between the horizontal pressure gradient force (G/p),
the horizontal component of the Coriolis force (fVa) and the
centrifugal force (Va /R). For further explanation, see text
(section 2.7.3)
and values of R and Wh can readily be obtained from isobaric charts. The
term Va /fR is known as the cyclostrophic component of the wind; it is zero
when R is infinite (isobars parallel), in which case Va = V g , and it
increases in importance as R decreases. In practice, though, the difference
between VG and V g is significant only in tropical cyclones and the deepest
of extra-tropical depressions.
Care must be exercised when using the geostrophic and gradient wind
equations, because, in their derivation, a term in cos D has been
neglected.
They are invalid in low latitudes, where sin D is small and
cos D approaches unity. Indeed, they suggest that the wind speed is always
infinitely high at the Equator! They should not be used when Dis less than
about 250.
2.7.4

The surface boundary layer

Earth's surface is aerodynamically rough, so there is friction when
air flows over it.
Because of this, the actual mean wind speed is
considerably less than V g or VG, and the wind does not blow parallel to
the isobars. A balance between the pressure-gradient force, Coriolis force
and friction can be achieved only if there is a flow of air across isobars
from high to low pressure (Figure 2 .12). The effect of friction increases
with surface roughness, which is evident in the fact that the mean wind speed
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Figure 2.12 - Balanced wind flow in (a)
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over the surface of the sea is typically 65 to 70% of V g and the angle
between wind direction and isobar orientation 10 ° to 15 ° , whereas the
corresponding values over land are typically 50 to 60% of V g and 20 ° to 25 ° .
Within the atmospheric layer affected by friction (called the friction
or boundary layer), in which air motions are turbulent, wind speeds and
directions vary continuously and irregularly about mean values. There are
fluctuations of speed, in the form of short-lived gusts and lulls, and there
are related and equally short-lived fluctuations of direction. When the mean
wind speed over the sea is 15 m/s, for example, instantaneous wind speeds
usually range from about 6 or 7 m/s in lulls to between 22 and 25 m/s in
gusts, with wind direction fluctuating 15 ° to 20 ° either side of the mean.
For a given mean wind speed, gusts are generally stronger over land than over
the sea, and fluctuations of wind direction are considerably greater.
Apart from those associated with turbulence in the boundary layer,
variations of wind speed and direction over the sea result largely from
changes of synoptic-scale meteorological circumstances and circulations
associated with showers and thunderstorms. At sea, variations of a diurnal
nature are small, except near coasts (Chapter 4). Over land, however, given
comparatively steady synoptic-scale circumstances, the strength and gustiness
of surface winds both tend to increase as temperatures rise during the day;
they decrease again at night, to reach a minimum around dawn. This rhythm
occurs because turbulence is enhanced by convective motions during the day and
suppressed in the surface inversions which develop by night.
2.7.5
The effect of surface friction decreases with height until, at an
altitude of 500 to l 000 m, the observed wind speed corresponds to the
geostrophic or gradient value. On upper-air charts, winds are related not to
isobars but to the height contours of a particular pressure level, using the
geostrophic wind equation in the form:
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Vg =-
f Ml
where g is the acceleration due to gravity and �z the contour interval
(usually 60 m). The pressure levels most commor,l� used are 850, 700, 500,
300, 200 and 100 hPa, corresponding, respectively, to altitudes of about 1.5,
3, 5.5, 9, 12 and 16 km above sea level. Winds blow clockwise around contour
highs in the northern hemisphere (Figure 2.13), anticlockwise in the southern;
they blow anticlockwise around contour lows in the northern hemisphere,
clockwise in the southern.

15 December 1975

Figure 2 .13 - Example of a 500-hPa contour chart.
direction
2.7.6

The arrows represent wind

-Thickness
- - - -

The difference in height between specified pressure levels at any
given place is known as the thickness of the layer between those levels. The
warmer the layer, the greater the thickness. Charts of lines joining places
of equal thickness are useful to weather forecasters for revealing advection
of warm and cold air. Thickness charts of the layer between 1 000 and 500 hPa
are particularly useful for locating warm and cold pools of air, warm ridges,
cold troughs and frontal zones.
2.7.7
The vertical geostrophic wind shear in a specified layer of the
atmosphere is known as the thermal wind. It is the vector difference between

CHAPTER 2

40

the winds at the top and bottom of the layer and it blows parallel to the
thickness contours (which are mean isotherms). Its magnitude is given by the
equation:

f L\h
where L\z1 is the contour interval on the thickness chart (usually 60 m).
2.7.8
Except possibly in the violent whirlwinds known as tornadoes, which
are mentioned again later in this chapter, tropospheric winds are strongest in
jet streams, occasionally reaching 140 m/s in winter in the core of the
subtropical jet stream 12 km or so above western parts of the North Pacific
Ocean near southern Japan. In winter they sometimes reach 100 m/s in the
polar front jet streams of middle latitudes, again particularly over oceanic
regions. Tropical easterly jet streams are less energetic than subtropical
and polar front jets, speeds in them being greatest, about 60 m/s, 14 to 16 km
above southern India.
2.7.9
Details of winds in the lower troposphere are given in Chapters 3 and
4. At this point we consider patterns of wind speed and direction only in
broad outline, noting first that the stormiest waters in the world are those
of the Southern Ocean and extra-tropical parts of the North Atlantic and North
Pacific Oceans.
In both winter and summer (Figures 2.14 and 2.15) the
frequency of occurrence of winds of gale force ( 8 or more on the Beaufort
scale) exceeds 10% over large areas of the Southern Ocean. In winter it is
almost 30% near Cape Horn, east of Tasmania, north of Crozet and Kerguelan
Islands, and in the triangle formed by Tristan da Cunha, South Georgia and
Bouvet Island.
It exceeds 30% over the North Atlantic Ocean south and
of
Greenland
during winter months, but in summer fails to reach 10%
south-east
anywhere over the North Atlantic and North Pacific Oceans.
Winds of gale force are infrequent in the tropics and subtropics,
except over the Arabian Sea from June to September, when the south-west
monsoon is active; at this time of year the frequency of gale-force winds
exceeds 30% near Socotra. Winds tend to be light and variable in the ITCZ,
hence the popular designation of the doldrums. In contrast, trade winds are
comparatively steady in speed and direction. They blow from the north-east in
the northern hemisphere, south-east in the southern. Their speed is generally
in the range 4 to 7 m/s, except over the South Indian Ocean, where they
increase to 7 to 10 m/s from June to September.
In contrast to the constancy of the trades, wind speeds and directions
vary markedly from day to day in middle and high latitudes, where weather is
controlled, winter and summer, by transitocy depressions and anticyclones.
Despite the ever-changing nature of these weather systems, however, westerly
winds prevail over the oceans of middle latitudes and easterlies prevail in
high latitudes. Wind speeds commonly reach Beaufort force 10 or 11 (25 to
32 m/s) in extra-tropical depressions, and they occasionally reach force 12
(33 m/s or more).
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The frequency of extremely strong winds is customarily expressed in
terms of the once in N years event. For example, a gust of 56 m/s is likely
to occur on average once every 50 years off northern Scotland (Figure 2.16),
and a gust of 65 rn/s is likely to occur there on average once every 120
years. The corresponding hourly-mean wind speeds over the area are 40 and
43 m/s respectively.
It is important to remember that these values are
obtained statistically, using records of winds. They are, in statistical
terms, probable values and are calculated by methods of the branch of science
known as The Statistics of Rare Events.

(a)

(b)

Figure 2.16 - (a) Three-second gust speeds (m/s) and (b) hourly mean values of
wind speed (m/s) recurring on average once every 50 years over
the North Sea and eastern parts of the North Atlantic Ocean at a
height of 10 m above the surface of the sea
A gust of 56 m/s can occur at any time off northern Scotland, and if
an equally strong gust occurs the following year, month or even day, the
figure of 56 m/s as the speed of the once-in-50-years gust should not
necessarily be doubted. If it occurs suspiciously frequently, however, the
reason may be that the data from which it was calculated were not
representative of the area. The stations adopted for the calculations may
have been unrepresentative, the period covered by the data may have been less
windy than the long-term average, or the period when the gusts occurred may
have been stormier than average.
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The strongest winds in the lower troposphere occur in the violent
whirlwinds Jmown as tornadoes (or twisters). An ambiguity must be pointed
out, however: thundery squalls in West Africa are also called tornadoes.
Nevertheless, users of this Compendium should assume that the term tornado
refers to violent whirlwinds, unless the contrary is expressly stated.
Tornadoes are probably the most feared and violent of all weather
phenomena. They are not very large (typically no more than a few hundred
metres in diameter and only a few hundred metres in height), but �ind speeds
often reach 60 or 70 m/s and sometimes 100 m/s. Such is the concentrated
power in tornadoes that destruction can be total in the swathes which they
cut. Objects carried by the strong winds often become deadly projectiles.

Tornadoes over the sea are called waterspouts. As they exist over the
sea, however, they are dangerous only when passing over vessels or offshore
structures. Even the most seaworthy of ships may suffer damage if a spout
passes directly over it, and sailing vessels and small craft are likely to be
severely damaged if struck.
In physical terms, a waterspout is a whirling vortex of air rendered
visible by condensation of water vapour within it, the condensation resulting
from the reduction of pressure which occurs in the vortex. A waterspout
appears as a funnel-shaped pendant descending from the base of a Cb cloud to
the sea below. In and around its base the sea is agitated, and a column, or
cascade, of spray is thrown up. A spout travels with its parent cloud at a
speed of a few metres per second and generally exists for between ten and
thirty minutes.
Waterspouts are most likely to form where there is pronounced
instability in the boundary layer. Thus, they occur most frequently in the
doldrums and in the tropics and subtropics, particularly over the South
Atlantic Ocean, the Gulf of Mexico, the Mediterranean Sea and the Bay of
Bengal (Figure 2.17). They are most likely to occur in summer and early
autumn.
2.8

Thunderstorms

Tornadoes, waterspouts and hail are generated by Cb clouds. So, too,
are
thunderstorms,
as
was mentioned
earlier.
Approximately
44 000
thunderstorms and almost one hundred million lightning discharges occur in
Earth's atmosphere every day, and about 2·000 of these storms are in progress
at any given moment. Thunder is harmless, but the squally weather and the
lightning discharges responsible for it create dangers and difficulties for
the mariner. For example, the discharges cause static, which interferes with
radio communications, and tankers struck by lightning may explode. Lightning
is a leading cause of death in weather events.
Light travels at 3 x
10 8 m/s; therefore, an observer sees a flash of lightning at virtually the
instant the electrical discharge occurs. The sound of thunder travels much
more slowly (at between 330 and 340 m/s), taking about six seconds to travel a
nautical mile.
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Figure 2.17 - Frequency of occurrence of waterspouts, shown as the nwnber of
waterspouts recorded per 10 000 ship observations
Because thunderstorms are associated with Cb activity and are somewhat
dependent for their existence on surface heating, they are more frequent over
land than over the sea. They are most likely to occur over land in the
afternoon and early evening, but large storms often become self-supporting
systems which persist well into the night or even the following morning.
Thunderstorms are most likely to occur over the sea at night, particularly in
the tropics.
Thunderstorms are most frequent in low latitudes, being particularly
common in southern Mexico, Panama, central Brazil, Madagascar and Indonesia
(Figure 2.18) , where they occur on more than 100 days per year. The most
thundery place on Earth is the island of Java, where the frequency exceeds 200
days per year.
In contrast, thunderstorms are almost unknown in polar
regions. In middle latitudes, they are most likely to occur during summer; in
low latitudes they occur throughout the year.
2.8.1
Large electrical gradients are generated within Cumulonimbus clouds.
Charge separation inside the clouds is such that upper parts of thunderstorms
become positively charged; lower parts contain pockets of positive charge but
are negatively charged overall. The charge on Earth's surface is positive
underneath thunderstorms, negative elsewhere.
A lightning discharge occurs once an electric field has become intense
enough for air's resistance to be overcome_.
In dry air, which is a poor
conductor of electricity, a field strength of about 3 x 10 6 V/m causes small
sparks when the atmospheric pressure is about 1 000 hPa. Discharges occur in
weaker fields when pressure is lower and air moist. Normally, strengths of
between 4 and 7 x 10 5 V/m are sufficient to cause lightning. Fields of that
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intensity must be localized, however, because overall strengths within
Cumulonimbus clouds are generally no more than 10 5 V/m. However, dn intense
field is needed only to initiate a lightning discharge. Once started, the
discharge can be propagated through comparatively weak electric fields.
2.8.2

St Elmo's fire
-------

Corposant, or St Elmo' s fire, is another electrical phenomenon often
observed at sea during squally or thundery weather, taking Ute form of
luminous discharges or glows at the extremities of masts, stays, aerials,
jack-staffs and other exposed parts of ships. It· is a point discharge and
occurs when the field strength exceeds the critical value for the object
concerned (typically a few thousand volts per metre).
2.9

The aurora

The aurora (aurora borealis in the northern hemisphere, aurora
australis in the southern) is also a luminous atmospheric phenomenon.
It
often appears in the form of arcs, bands, rays or curtains of green or red
light but is sometimes visible as no more than a diffuse grey or white glow
near the horizon. Auroral displays are most frequent about 20 ° from the
magnetic poles, where they occur on almost every clear night. Such displays
rarely occur in the tropics and subtropics.
The aurora is not formed in the troposphere or, indeed, the
stratosphere, and is not strictly meteorological in origin, because thermal
processes, atmospheric motions and the hydrological cycle are not involved.
The light of the aurora is produced when charged solar particles trapped in
Earth's magnetic field collide with air molecules in the high atmosphere
(typically at altitudes of 70 to 130 km but occasionally as much as
1 000 km).
Spectral analyses show that oxygen and nitrogen are the gases
mainly involved.
The most impressive and widespread auroral displays are
associated with the ionospheric and magnetic storms which result from solar
flares.
2.10

Optical phenomena

An atmospheric phenomenon observed infrequently is the bright green
colouration of the upper limb of the Sun when it is close to the horizon at
sunrise or sunset. This is known as the green flash. Except in special
circumstances, the phenomenon is momentary.
It is caused partly by
differential absorption and refraction of the various colours of the spectrum
and partly by scattering of solar radiation by molecules of air and
atmospheric aerosols (Rayleigh scattering). The phenomenon is most likely to
be observed when the atmosphere is clean, as it generally is over the sea, but
it does also occur when the atmosphere is hazy, although the colouration is
then more likely to be blue or violet than green. Sometimes a red flash is
observed as the lower limb of the Sun appears below a bank of cloud near the
horizon.
2.10.2

Haloes

Some of the most spectacular optical phenomena occur when ice crystals
are present in the atmosphere.
The commonest forms are 22 ° haloes, 46 °
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haloes, arcs of contact, circumzenithal arcs, Sun pillars, parhelia (mock
Suns) and parhelic circles. Some of these phenomena are caused by reflect�on
of sunlight from flat faces of crystals, others by refraction when sunlight
passes through crystals. The refractive index of ice is 1.31 and the angles
of minimum deviation for light passing through the sides and ends of hexagonal
prisms of ice are 22 ° and 46 ° respectively (Figure 2.19). The crystals of Cs
cloud are mostly in the form of small randomly oriented hexagonal prisms.
Thus, the appearance of a 22 ° halo around the Sun or Moon is a common
occurrence when such cloud is present.

·· ·· ·· ·· ·· ·· ·· ·· ·· ·· ·· ·· ·· ·· ·· ·· ·· ·· ·· ·· ·· ·· ·· ·· ·· ·· ·· ··
·· ·· ·· ·· ·· ·· ·· ·· ·· ·· ·· ·· ·· ·· ·· ·· ·· ·· ·· ·· ·· ·· ·· ·· ·· ·· ·· ··
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(a) Glass prism with
refracting angle A

(b) Ice prism with
60 ° refracting angle

Figure 2.19 - Passage of light at minimum deviation through (a) a glass prism
with refracting angle A and (b) a hexagonal ice crystal with a
60 ° refracting angle
2.10.3 Rainbows
Other familiar optical phenomena occur when water drops are present in
the atmosphere.
Rainbows are produced, for example, when sunlight is
refracted and internally reflected by falling raindrops (Figure 2.20). They
are seen when an observer stands with his back to the Sun and faces a curtain
of raindrops illuminated by the solar beam. The light of the Sun is dispersed
into its constituent colours, the deviations of violet and red light being
139.5 ° and 138 ° respectively when there is one internal reflection, 233.5 ° and
230.5 ° respectively when there are two. Therefore, the colour sequences of
primary and secondary rainbows are reversed; red is the outer colour of a
primary bow, inner of a secondary. The intensity of a primary bow is ten
times that of a secondary.
2.10.4 Coronae
- - - Displays of coronae (coloured rings surrounding the Sun or Moon) and
iridescence (coloured patches on clouds within about 30 ° of the Sun or Moon)
also depend upon the presence of water-drops in the atmosphere. They are
produced by diffraction when the Sun or Moon shines through clouds of tiny
spherical water droplets of approximately uniform size. The smaller the
droplets the larger the radius of a corona. In contrast to haloes, in which
red is the inside colour (the angles of minimum deviation for red and violet
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Figure 2.20 - Formation of primary and secondary rainbows
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light being 21° 34' and 22 ° 22' respectively in the case of a 22 ° halo), blue is
the inside colour of coronae. Displays of coronae and iridescence are most
likely to occur in thin patches of Ac cloud, particularly Ac len.
2.10.5

�irage�

When temperature gradients are large in layers of air close to Earth's
surface, mirages are observed. They are inferior where the lapse rate near
the ground is strongly super-adiabatic, superior where there is a marked
surface inversion. Both kinds are produced by refraction (Figure 2.21). In
the case of an inferior mirage, light from an object is bent upwards; in the
case of a superior mirage, it is bent downwards. As mentioned earlier, lapse
rates close to the surface of the sea are generally small. Nevertheless,
mirages are often observed over the sea, especially over ice and over
estuarine and coastal waters.
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Figure 2.21 - Mirages
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OCEAN-ATMOSPHERE INTERACTIONS
In this chapter we focus upon the action of wind on the sea and exchanges of
heat between the atmosphere and the oceans. First, we look briefly at motions
in .the upper ocean and lower troposphere; then, we study wind-generated waves
and so-called tidal waves.
3.1

Atmospheric turbulence

As mentioned in Chapters 1 and 2, motions are turbulent in the upper
ocean and lower troposphere. Nevertheless, very thin interfacial layers exist
at the ocean-atmosphere boundary itself. In them, motions are laminar. The
marine layer is about O. 5 mm thick and the atmospheric layer about 1 mm
thick. Within these layers, molecular transfer processes predominate and
vertical gradients of momentum, heat and water vapour are, correspondingly,
steep.
Mean wind speed increases with height from the surface (where it is
zero) up to an altitude of 50 to 100 metres. This occurs because energy is
dissipated frictionally at land and sea surfaces. Where a state of neutral
stability exists in the atmospheric boundary layer, as is often the case over
the sea, the variation of mean wind speed (V) with height (z) is such that V
is proportional to ln z (Figure 3.1). The wind profile is therefore known as
a logarithmic velocity profile, or, simply, log profile.
As the wind blows across the surface of the sea, kinetic energy is
transferred from the atmosphere to the sea. A minor part of this energy is
utilized in driving currents, the greater part creates waves. However, the
respective amounts of energy transferred from winds to waves and winds to
currents are difficult to ascertain precisely. The reasons are as follows:
the turbulent motions which prevail in the atmospheric boundary layer must be
described statistically, the extremely sensitive instruments required to
measure these motions are prone to inertial errors, such instruments are
delicate and liable to be damaged by waves, and measurement of air motions
close to large waves is a formidable task.
3.2

Waves

3.2.1

Turbulence exists in the gentlest flow of air, even when the
underlying surface appears smooth.
Fluctuations of surface pressure
associated with this turbulence are sufficiently large to disturb the surface
of water. Thus, the slightest and most capricious movements of air cause
patches of ripples (cat's-paws) to forn on a water surface which is otherwise
smooth. As ripples grow in size and extent they react upon the air flow
responsible for them. Air motions close to the water surface become organized
and turbulence becomes superimposed. Eddies with horizontal axes develop in
wave troughs and the patterns of air motion which develop close to crests are
such that the forces exerted on windward slopes of waves exceed those exerted
on leeward slopes.
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(Z-)
Height

Mean wind speed (V·)
Figure 3.1. - Logarithic velocity profile
In the formation and maintenance of ripples, surface tension is
consi.derably more effective as a restoring force than gravity. Ripples are
therefore defined as capillary waves. When the distance between wave crests
is greater than 1. 7 cm, however, gravity is the more effective force. When
the distance is greater than 10 cm, the influence of surface tension is
negligible compared with gravity. Accordingly, all but the shortest waves on
the surface of water are gravity waves. Where gravity waves are being formed
and fashioned by wind they are trochoidal in profile and are strictly known as
wind-waves. Their troughs are flat and their crests sharp (Figure 3.2). The
profiles of capillary waves are quite different. Their crests are flat and
their troughs sharp. Gravity waves arriving at a point from a distant wind
system are sinusoidal in profile and are called swell.
Waves spread in all directions (taking great-circle routes), but only
those travelling in the same direction as the mean wind grow. Waves grow if
the sum of the energy fluxes resulting from wind stresses and pressure forces
exceeds the rate at which energy is dissipated by molecular and eddy
viscosity. When the sum of the downward fluxes equals the rate of dissipation
the sea is said to be fully developed. Waves have then attained their maximum
height for a given wind speed and are no longer influenced by the time the
wind has been blowing ( duration) or the distance over which it has blown
(fetch).
Precisely how energy is transferred from wind to water is not yet
fully understood, but that is not the only reason why a model which replicates
all the observed properties of waves has proved difficult to construct. Waves
are fashioned not only by wind stresses and pressure forces but also by
non-linear energy transfers associated with breaking waves, interactions
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Figure 3.2 -

(a) Velocity in relation to wavelength for
capillary wave and the shortest gravity waves;
(b) The characteristic profiles of gravity
waves and capillarly waves

between waves, interactions between waves and currents, and, in shallow water,
interactions between waves and the sea bed. Nevertheless, oceanographers have
succeeded in constructing relationships by means of which, given a knowledge
of wind speed, duration and fetch, wave characteristics can be estimated
sufficiently accurately to be of practical value to persons engaged in marine
These relationships are based upon a mixture of theory and
activities.
empiricism, because theory alone has so far proved inadequate.
3.2.2

Beaufort
The - - - -scale
- - - -wind

The Beaufort scale is probably the best-known relationship between
wind speed and sea state. In the original scale, devised by Rear-Admiral Sir
Francis Beaufort in 1805, wind force was defined in terms of the canvas to be
Only later, in 1903, was a scale of
carried by a fully-rigged frigate.
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equivalent wind speeds introduced, based upon the formula V = 1.87✓B 3,
where B is the Beaufort number and V the corresponding wind speed in miles per
hour. Nowadays (Table 3.1), wind force is defined in tenns of the following:
sea state, wind speed 10 m above the surface of the sea, probable height of
waves, probable maximum height of waves, and pressure exer-ted on objects
exposed to wind. The Beaufort Scale is undoubtedly of practical value, but it
applies only to a fully developed sea well away from land when fetch and
duration of wind are unlimited.
TABLE 3.1
The Beaufort scale of wind force

Beaufort
scale
number

Mean
wind
speed
in knots

Limits of
wind speed
in knots

Descriptive
tenns

Sea criterion

Measured at a height
of 10 metres above sea level

Probable
height of
waves
in
metres•

i

Probable
maximum
height of
waves
in
metres•

Sea like a mirror.

-

-

Light air

Ripples with the appearance of scales are formed but
without foam crests.

0·1

0·l

Light breeze

Small wavelets, still short but more pronounced; crests
have a glassy appearance and do not break.

0·2

0·3

7-10

Gentle breeze

Larae wavelets. Crests begin to break. Foam of glassy
appearance. Perhaps scattered white horses.

0·6

l·0

13

11-16

Moderate breeze

Small waves, becoming longer; fairly frequent white
horses.

l·0

l ·5

5

19

17-21

Fresh breeze

Moderate waves, takin a more pronounced long form;
many white horses are Pcormed. (Chance of some spray.)

2·0

2·5

6

24

22-27

Strong breeze

Large waves begin to fonn: the white foam crests are more
extensive everywhere. (Probably some spray.)

3·0

4·0

7

30

28-33

Near gale

Sea heaps up and white foam from breaking waves begins
to be blown in streaks along the direction of the wind.

4·0

5·5

8

37

34-40

Gale

Moderately high waves of
ter length; edaes of crests
begin to break into spindri�
t. The foam is blown in wellmarked streak.I along the direction of the wind.

5·5

7·5

9

44

41-47

Strong gale

Hiah waves. Dense streaks of foam along the direction
of the wind. Crests of waves begin to topple, tumble and
roll over. Spray may effect visibility.

7·0

10·0

10

52

48-55

Storm

Very high waves with long overhanging crests. The
resulting foam in pt patches is blown in dense white
streaks aJon1 the direction of the wind. On the whole the
surface of the sea takes a white ap
ce. The tumbling
of the sea becomes heavy and shoe �
'ke. Visibility affected.

9·0

12·5

11

60

56-63

Violent storm

11-5

16·0

12

-

Exceptionally high waves. (Small and medium-sized ships
miaht be for a time lost to view behind the waves.) The sea
is completely covered with long white patches of foam
lying along the direction of the wind. Everywhere the
edges of the wave crests are blown into froth. Visibility
affected.

Hurricane

The air is filled with foam and spray. Sea completely white
with driving spray; visibility very seriously affected.

14
or over

0

00

Less than 1

Calm

1

02

1-3

2

05

4-6

3

09

4

64
and over

I

I

-

*These columns are added as a guide to show roughly what may be expected in the open sea, remote from land. In enclosed waters, or when near
land with an off-shore wind, wave heights will be smaller and the waves steeper.
Nons.--{a) It must be realized that it will be difflc:ult at night to estimate wind force by the sea criterion.
(b) The lag effect between the wind getting up and the sea increasing should be borne in mind.
{c) Fetch, depth, swell, heavy rain and tide effects should be considered when estimating the wind force from the appearance of the sea.
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3.2.3

The surface of the sea typically appears disordered, or even chaotic
(Figure 3.3), so its features must be described statistically.
It is
customary to relate wind speed, fetch and duration to either significant-wave
height or the probable height of the highest wave in a particular time
interval (usually ten minutes). Significant-wave height <H s ) is defined as
the average height of the highest one-third of all the waves. It is a
parameter of practical importance because it provides a close approximation to
the wave height estimated visually by an experienced mariner.
The
relationship of the significant-wave height to other commonly used measures of
wave height are as follows:
Most frequent wave = 0.5H s
Average wave = 0.6Hs
Height of highest 10% of waves = l.3H s
Height of highest 1% of waves = l.7H s
The significant-wave period is the average period of the highest one-third of
all the waves (wave period being the time interval which elapses between the
passages of successive wave crests at a given point).

,___,-..

I

I

ztt --·v! r
I

I

='Vt�
-

f 1m

10,

I

.��
I ,7
I

---- - -- -.

,_____

Figure 3.3 -

'\

"

-

\...:.

._

I I I

'"'"\)

� ��

V

l

11

V

�

'\
Jc

I

...

n
I

�, Hmox

I

I

I

I

fr-..

I

r'

I 1.. I

I
V

\J

I\ i-\
I

11

.

l.

\A..J

j

A

'

"

I

I

I

-....

I I

r-'\ II

I \,,,

11; ' '�j iJf_f___ Cl

-__ j_

--1

\l. IllI\{\'
I I

,.,,
I

---

I
I
., f'1

"

I

I

/l.

-�

! � (\ f"\ /1 1
I ),J,c,
I 1 L / 11
-v L..J J \f'J

-1-�
· \..

I

I

II

I
I

I

I

I

A typical wave record. Wave crests are indicated by dashes, and
downward crossings of the zero level (mean sea level) are
circled. The highest crests are A and B, the deepest troughs C
and D.

3.2.4

Although useful for many engineering purposes, the significant-wave
concept is inadequate when a knowledge of the distribution of wave height or
energy with respect to wave period is required. Such a distribution is called
a wave spectrum (Figure 3. 4). In scientific studies of ship motions, for
example, the wave-spectrum concept must be applied because ships respond to
all movements of the sea surface. Let us now consider why such a spectrum
occurs at a point on the ocean.

--
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Figure 3.4. - A wave
profile
(such as that shown in
diagram Ca) can be reproduced by superimposing
many sets of sine waves (as shown in diagram
(b). When the energy represented by each set of
sine waves is plotted against wave frequency, an
energy spectrum is obtained (diagram (c) .
The
energy in a wave is proportional to the square
of its height (see section 3.2.7)
Weather systems travel. They also grow to maturity and subsequently
decay. Only briefly can their state be considered steady. In response to
changes of wind speed, direction, fetch and duration within these weather
systems, patterns of wave height and period evolve. Waves increase in height
and period as the wind which raises them strengthens. Also, for a given wind
speed, they increase in height and period when either fetch or duration (or
both) increase. As already mentioned, waves interact with each other and with
currents.
They also interact with swell.
Accordingly, a synthesis of
mutually interfering wave trains of different heights, periods and directions
takes place at a particular spot.
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3.2.5
The speed of travel of a wave (its phase speed, c) is given by the
expression
c2 =

2,rD
gA
-- tanh -A
2,r

where g is the acceleration due to gravity, D the depth of water and A the
wavelength (the horizontal distance between two successive crests). The value
of the hyperbolic tangent is 1 when D > A/2 and 2AD/A when D < A/25.
Therefore, the above equation reduces to c 2 = gA/2,r for deep water
(defined as D > A/2) and c 2 = gD for shallow water (D < A/25).
For
calculations of c in water of transitional depth (A/2 > D > A/25), the
hyperbolic tangent must be evaluated. As cT = A, where T denotes wave
period, alternative versions of the equation and its reduced forms can be
obtained readily.
In deep water, for example, c = gT/2,r and T 2 =
2,rA/g (Table 3.2).

TABLE 3.2
Wavelength (A) and wave speed (c) in relation to wave period (T)

T
(sec)

1
2
3
4

s

6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

A
Cm)

C
(m/s)

1.56
6.2
14
25
39
56
76
100
126
156
189
225
264
306
351
399
451
505
563
624

1.56
3.1
4.7
6.2
7.8
9.4
10.9
12.S
14.0
15.6
17.2
18.7
20.3
21.8
23.4
25.0
26.S
28.1
29.6
3L2
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3.2.6

Analyses of wave records confirm that the state of the sea surface
results from the superposition of numerous trains of waves. Large waves occur
where crests coincide, and the sea tends to be flattened where troughs and
crests cancel each other out (Figure 3.5). Accordingly, waves generally
travel in groups, with comparatively undisturbed water around them. The speed
of travel of groups (group speed, u) is c/2 for waves in deep water and water
of transitional depths. Thus, individual waves constantly enter groups from
behind and pass through them. This does not occur in shallow water, though,
in which u = c.
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Figure 3.5 - The upper part of the diagram shows the effect of superposing
the two sine waves (I and II) which are shown in the lower part
of the diagram
3.2.7
Wave energy is conveyed by groups. The energy (E) contained in waves
of uniform height per unit area of the sea surface can be calculated from the
formula E = P wgH 2 /8, where Pw is the water density and H the
trough-to-crest height of the waves.
The energy contained in a fully
developed spectrum is given by the formula E = PwgCHs /2.83) 2•
The
power of waves should not be underestimated. Large wind-waves move objects
weighing hundreds of tonnes as though they were mere pebbles, and even a
moderate swell can deliver 40 kW of power per metre of coastline.
3.2.8

Orbital
motions of water
----------

The actual water particles in waves do not travel over the surface of
the sea; they move in orbits in the vertical plane. The orbits are circular
in deep water, elliptical in shallow (Figure 3.6). The diameters (d) of the
circles decrease exponentially with depth according to the formula
d = H exp[-(2�D/X)].
In deep water, therefore, d is equal to H on the
surface of the sea, H/25 at a depth of D = X/2, and zero (for all practical
purposes) at a depth of D = X. The ellipses become more and more elongated
and flat as the sea bed is approached until, at the bed itself, water simply
moves to and fro in straight lines. Waves and the water in them move in the
same direction in and under crests, but in opposite directions in and under
troughs.
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Figure 3.6 - The orbits of
shallow water

water

particles

in

deep

and

This to and fro movement is revealed by plants, which can be seen to
sweep forward under the crests of waves, backward under troughs.
On the
surface of water, whatever its depth, the orbital motions of water particles
are shown by the tendency for the speed of a vessel moving in the same
direction as waves to increase on crests and decrease in troughs. Therefore,
care must be exercised when towing, especially if the distance between tug and
towed object is approximately A/2. When waves are large, the tension of the
tow-rope tends to vary considerably. It is sometimes slack, sometimes taut.
If the rope is pulled taut abruptly it may break.
In deep-water waves, the forward speed of water in crests and the
backward speed in troughs equals �a/T (or �cH/A).
The value of �H/T
is typically between c/6 and c/7; and c is approximately equal to the wind
speed 10 m above the surface of the sea where the waves are generated.
Theoretically, waves break when their steepness CHIA) exceeds 1/7. This
occurs when the forward speed of water particles in crests exceeds c. In
practice, breaking tends to begin when H/A is about 1/10. Let us now
consider the circumstances under which waves break.

reefs.

We have all seen waves break on beaches and over shoals and submerged
As waves enter shallow water, their period remains constant, but c and
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A both decrease (because c2 = gD and cT = ).,) .
The rate at which energy is
carried forward (cE) also remains constant. When c decreases, therefore, H
H/)., increases, too, partly
increases (because E is proportional to H 2).
because H increases and partly because )., decreases. Refraction of waves is
another phenomenon which occurs in shallow water.
When waves approach a
shore, shoal or reef obliquely, they tend to turn toward shallow water and
their crests become aligned parallel to the bottom contours (Figures 3.7 and
3. 8).
On long sandy beaches, for example, breaking crests are typically
aligned parallel to the shore. Refraction occurs here because, in shallow
water, the speed of travel of a point on a line of waves depends on D; the
shallower the water, the slower the point moves towards·the shore.

Figure 3.7 -

Wave refraction along a straight beach with
parallel bottom contours.
The shallower the
water, the slower the waves move towards the
shore. As waves approach a beach, therefore,
their crests tend to become aligned to the shore

Waves are shortened and steepened when they travel against a strong
current (Figure 3. 9). In theory, they break when the speed of flow of the
opposing current reaches co/4, where co is the phase speed of the waves in
still water. In practice, however, H/°A increases to 1/7 before the limit
co/4 is reached. The behaviour of waves in currents is considered again
later in this chapter.
Foam-topped waves (white horses) begin to appear on the surface of the
sea when the speed of the wind is only 4 m/s or so (Beaufort force 4). As
H/A is typically in the range 1/20 to 1/25 on deep water, this may seem
surprising. However, the complete wave spectrum must be considered. At any
given point on the ocean surface, waves of various lengths are present. Short
waves are overtaken by longer (faster) waves, and they are steepened where
they encounter opposing orbital motions of water in the waves they are riding
upon. Thus, they tend to break near the crests and on the forward faces of
long waves.
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Figure 3.8 - Wave refraction on coasts with irregular bottom
contours

Countless small bubbles of air form in the sea when waves break. They
also form when snowflakes melt in water and when raindrops, dust particles and
aerosols strike the surface of the sea. These bubbles are important, partly
because they provide the sea with oxygen, carbon dioxide and other dissolved
gases and partly because they supply condensation nuclei C salt particles) to
the atmosphere. The bubbles range from about 40 µm to about 1 500 µm in
diameter, with most less than 200 µm in diameter.
Bubbles less than
300 µrn in diameter tend to enter into solution.
When a bubble on the
surface of the sea bursts (Figure 3.10), its liquid film ruptures into 100 to
These droplets are carried aloft, where they evaporate,
200 tiny droplets.
leaving particles of salt suspended in the atmosphere. The diameters of these
particles are generally between O.2 and 1. 0 µm. The jets of water which
shoot upwards from the cavities of bursting bubbles are also sources of water
droplets in the atmosphere. However, these droplets are mostly too large to
be carried far by atmospheric motions, except when winds are strong.

OCEAN-ATMOSPHERE INTERACTIONS

I c·
I"

V---�
I

-4

c·
()

Figure 3. 9 - Graph showing the speed Ccr) with which waves travel relative
to a current of strength V, plotted as a function of V. The
speed of the waves in still water is Co
3.2.11

-Contamination
- ---- -

Contamination of the sea surface impairs some of the processes whereby
the oceans and the atmosphere interact. At this point we consider only the
bursting of bubbles and the effects of oil on waves. Films of oil on the sea
reveal themselves as slicks, which are smooth patches or streaks on the water
surface. Whether or not an oil slick spreads depends on the sign of the
spreading coefficient (S c ), which is obtained from the expression
Sc

=

Ya/w - Ya/o - Yo/w

where Y denotes surface tension and the subscripts a/w, a/o and o/w
signify, respectively, air/water, air/oil and oil/water. Spreading occurs if
S c is positive.
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Air bubble

Figure 3 .10 - The bursting of air bubbles at the sea
surface.
Large drops ( L) are formed when the
jet (J) collapses. Numerous small droplets (S)
are formed when the film of the bubble ruptures
Contamination affects bubbles by strengthening their liquid films and
limiting the speeds with which droplets are ejected from their cavities when
bursting occurs.
Accordingly, pollution of the sea surface may reduce the
number of sea-salt nuclei in the atmosphere. Slicks tend to be dispersed by
turbulent water motions, though only the cohesion of surface films is overcome
by the breaking of waves. The water remains contaminated. Waves are subdued
by oil, but only the short waves are affected significantly. The formation of
capillary waves is inhibited, and short waves are suppressed. Swell and large
waves are therefore smoothed, but otherwise unaffected by oil pollution.

The longest wind-waves are generated in tropical cyclones and the most
vigorous extra-tropical depressions. They are typically a few hundred metres
in length and are therefore deep-water waves where the depth of water exceeds
100 to 150 m. Within the areas where they are generated, and nearby, such
waves are attenuated. There are two main reasons for this: waves break and
waves interact with other waves. However, direct coupling between waves and
adverse winds is also significant. The long swells which emerge from areas of
strong winds are attenuated remarkably little.
Indeed, when A > 350 m
(T > 15 s), attenuation is negligible. Swell generated in storms off Cape
Horn can reach the shores of southern Ireland, 13 000 km away, and swell which
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originates south of Tasmania can reach Alaska, 15 000 km away.
In the
trade-wind belts of the tropics and subtropics, swell from an unusual
direction can be regarded as an early warning of a tropical cyclone (see also
Chapter 4).

As noted in Chapter 2, winds tend to be strongest over the Southern
Ocean and extra-tropical parts of the North Atlantic and North Pacific
Oceans. Accordingly, the most severe wave conditions develop in these areas.
However, quantitative knowledge of such conditions is lacking, because waves
are observed or recorded systematically at very few locations far removed from
coasts (Chapter 5).
Reliable wave climatologies exist only for certain
coastal waters and the small number of offshore areas which have been the
subject of special study. These climatologies confirm that wave conditions
tend to be worst in the waters off Karnchatka, the Kuril Islands, Newfoundland,
Greenland, Iceland, Norway, northern and western Scotland, western Ireland,
western Canada, southern Chile, southern Africa, southern New Zealand and
south-western Australia (Figures 3.11 and 3 .12).
In all these areas the
temporal frequency of waves over 5 m in height exceeds 3% in at least two
quarters of the year, and the once-in-SO-years wave height is about 35 m.
Large waves also occur frequently on the Arabian Sea when the south-west
monsoon is active, waves 6 m high being quite common in July and August.

Percentage frequency
- Over 40

- 30to 40

20to 30

l\

::11 o to 20 ( \}I Under 10

Figure 3. 11 - Percentage frequency of occurrence of waves 2.5 m or higher in
at least two quarters of the year
3.2.14 -----Freak waves
Some sea areas are particularly stormy and are therefore notorious for
the severity of wave conditions prevailing there.
As mentioned earlier,
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Figure 3.12 - Greatest height in feet reached by waves occurring with
frequency of 3% or more in at least two quarters of the year

a

however, large waves form wherever the crests of superposed waves coincide,
and if the number of coincident wave trains at a particular point on the ocean
surface is abnormally large, then abnormally large waves may form there.
These so-called freak waves are observed by seafarers from time to time but
are rarely recorded instrumentally.
The height of the largest wave ever
observed was 34.1 m. The wave was encountered by the USS Ramapo on the North
Pacific Ocean in 1933.
In a few areas, abnormally large waves occur repeatedly, even when
winds in the locality are not exceptionally strong. Such is the case in the
waters of the Indian Ocean 10 to 20 km off southern Africa from about 29 ° S to
about 33 ° S.
Here, over the continental edge {the seaward edge of the
continental shelf), where the Agulhas Current is strongest { 2 m/s or more),
waves 15 to 20 m high occur. Some are so steep on their forward face that
they are close to breaking. How frequently they occur is not known, but
several such waves are observed every year and many more must escape notice
because no-one happens to be at the right place at the right time. Waves such
as these have been reported from other sea areas (off Ushant, for example, and
off southern Greenland), but detailed analyses of the physical circumstances
have been made only of those which occur off southern Africa. There, the
circumstances are as follows {Figure 3.13): strong south-westerly winds
generate waves in and near the area in question; these wind-waves interact
with each other and with swell generated in storms over the Southern Ocean;
large waves form where the crests of superposed waves and swell coincide; and
these large waves are shortened, steepened and amplified by travelling in the
opposite direction to a strong current.
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Figure 3.13 - Formation of freak waves in the
explanation see text (section 3.2.14)

Agulhas

Current.

For

In advance of a giant wave there is usually a long deep trough (Figure
3 .14). When in a trough a vessel displaces water which would later, in the
course of its orbital motion, form part of the approaching crest. Thus, the
vessel may deprive the approaching wave of water and cause it to col lapse.
Thousands of tonnes of water may then crash onto the vessel's forepart. Ships
have been damaged severely when this has happened, and some have foundered.

Figure 3.14 - Creation of a wave about 70 feet high in the Agulhas Current
when the crests of superposed waves of length 175, 500 and 850
feet coincide. The current is moving from left to right, the
waves from right to left.
Unexpectedly large waves are liable to occur wherever waves travel
against a strong current. Strong tidal streams as well as the great ocean
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currents are equally likely to be involved. In the Pentland Firth, for
example, between Orkney and the Scottish mainland, extremely difficult sea
conditions develop when storm-driven waves run against a tidal stream of 4. 5
to 5 m/s.
Truly freak waves caused the devastation which occur�ed on the Isle of
Portland, southern England, on 13 February 1979. They overtopped the bank of
shingle known as Chesil Beach (crest 12 m above the level of high tide) and
devastated a village behind it. On this occasion, when large waves caused
damage at various other places on the coasts of southern England and South
Wales, intense wave activity was unexpected; indeed, the waves approached
Portland from the west-south-west whilst the wind was locally blowing from the
east with a speed of only 5 m/s! The waves were, in fact, created thousands
of kilometres from Portland, and they were created 48 hours or so before the
devastation occurred, in a deep depression centred 800 to 1 000 km south-east
of Newfoundland (Figure 3.15). By 13 February this depression had filled
somewhat and become absorbed into an area of low pressure centred 200 to
250 km south-west of Land's End.
When the depression was deepest, it
contained westerly winds of 25 to 30 m/s (50-60 kn) on its southern flank.
Winds of this strength are not unusual over the North Atlantic Ocean in
February. Remarkably, however, the depression moved with approximately the
same speed (15 m/s) and in the same direction (east-north-east) as the packet
of wave energy generated on its southern flank. Because of this, large waves
of long period (18-20 s) were created. After the source depression died out
the waves continued to travel across the ocean at a speed of about 15 m/s.
They headed straight for the Bristol Channel and English Channel, where they
became shallow-water waves and were therefore shortened, steepened and
refracted. By chance, the refraction was such that waves were focused on the
place on the Isle of Portland where the devastation occurred. Also by chance,
the arrival of the packet of energy coincided with high tide and, moreover,
with a surge (a phenomenon studied later in this chapter).
3.2.15

Tsunamis

Inundations of coasts are often associated with tsunamis. Although
they are popularly known as tidal waves, tsunamis have nothing to do with
tides or, indeed, the weather. They are generated when submarine avalanches,
earthquakes and volcanic eruptions disturb the ocean floor and thereby set in
motion the whole of the overlying column of water. They occur most often in
the Pacific Ocean, which is ringed with a belt of seismic and volcanic
activity.
Tsunamis are extremely long waves, typically 150 km or more in length
on the open ocean. Accordingly, they are shallow-water waves, even where the
ocean is deepest. This being so, their speed of travel is given by the
formula c 2 = gD. On the open ocean, therefore, they travel many hundreds of
kilometres per hour (Figure 3.16); in water 4 000 m deep, for example, a
figure representative of the open ocean, c = 200 m/s (almost 400 kn). When on
the open ocean, however, tsunamis are not felt aboard ships and cannot be seen
from the air. They are imperceptible, because their height is typically only
30 to 50 cm. When they reach shallow water, though, they become shorter and
steeper, and they tend to rear up, often to a height of 15 m or more, before
breaking on the shore with devastating effect (Figure 3.17). Tsunami warning
systems are as yet far from perfect. This is not surprising, because tsunamis
travel fast, their behaviour in coastal waters is not fully understood, and
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Figure 3.15 - Weather chart for 0000 UTC on 11 February 1979
the submarine disturbances responsible for them are infrequent, irregular and
inherently unpredictable.
Tsunamis must not be confused with storm surges. In popular parlance
both are called tidal waves. As already mentioned, we study surges later. At
this point, we merely note that surges, like tsunamis, are not generated by
tidal forces.
3.3

Currents

3.3.1

Effect
of Coriolis force
----------

The force exerted by wind on the surface of water (wind stress) acts
in the direction of the wind. Thus, the water is initially driven downwind.
Once in motion, however, the water is progressively deflected, to the right of
the wind in the northern hemisphere, to the left in the southern. This occurs
because of the influence of Earth's rotation on currents in the atmosphere and
the oceans (the so-called Coriolis effect). The Coriolis force acts at right
angles to the direction of motion. When a balance has been achieved between
wind stress, the Coriolis force and sub-surface frictional forces, several
hours after the wind starts to blow, the angle between wind direction and
surface water movement is theoretically 45 degrees (except in shallow water).
Sub-surface layers of water are set in motion from above by means of friction,
the speed of flow decreasing exponentially with depth. These layers are also
acted upon by the Coriolis force, in such a way that the angle between wind .
direction and water movement gradually increases with depth (Figure 3.18).
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Curves showing variations of c (continuous lines) and T (dashed
lines) with D, where c is the speed of travel of tsunamis in
metres per second, T the number of hours taken by them to
travel 1 000 kilometres and D the water depth in metres. For
example, in water 1 000 metres deep, c = 99 m s- 1 and T = 2
hours 48 minutes

3.3.2 · -Ekman's
- --formulae
- -According to Vagn Walfrid Ekman, the Swedish hydrodynamicist who first
analysed wind-driven currents, the horizontal components of the current vector
are given by the relationships

�z
-nz
u = Vo exp�--Jcos(45 ° - -)
Dr

Dr

-nz
nz
v = Vo exp{-)sine(45 ° - -)
Dr

Dr
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where v and u are, respectively, the components in the direction of the wind
and at right angles to it. Vo is the speed of flow in the uppermost layer
of water, z the vertical distance and Df a depth which is defined by the
following equation:

P w n (sin 4>>
where A z is the coefficient of eddy viscosity in the vertical direction,
Pw the water density, n the angular velocity of Earth's rotation and �
the latitude. In low latitudes, where sin � is small, the expression is
invalid. Indeed, the implication is that Df is infinite at the Equator,
where sin � = 0 ! Certain terms which have been omitted from the expression
become increasingly important as � decreases.
Accordingly, the formula
should not be used for calculating DE where� is less than about 10 ° .
At a depth of z = DE water moves with a speed of V 0 e--rr
(approximately Vo/23) and its direction of movement is exactly opposite to
that of the surface current. As the speed of movement of surface water is
only 2 or 3% of the speed of the wind which sets the water in motion, a speed
of Vo /23 is barely perceptible. For all practical purposes, therefore, Dr
can be regarded as the depth of water set in motion by wind stress, or the
depth of frictional influence. The body of water set in motion by the wind is
known as the Ekman layer. The average motion in this layer is 90 ° to the
right of the wind in the northern hemisphere, 90 ° to the left in the southern
(see Figure 3.19).

Wind

Water motion

Wind force

Coriolis force

Average motion of
Ekman layer

Figure 3.19 - Motions in the upper ocean resulting from
surface wind stress. The average motion of the
Ekman
layer
(section 3. 3. 2)
represents a
balance between the wind force and the Goriolis
force
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3.3.3
Projected on a horizontal plane, the tips of the current vectors in
the Ekman layer form a logarithmic spiral, known as the Ekman spiral (Figure
3.18). Theoretically, such spirals should occur not only in the upper ocean
but also in the atmospheric boundary layer. Indeed, it is certainly the case
that winds veer with height in the lower troposphere until, above the layer
affected by surface friction, flow is quasi-geostrophic.
In practice,
however, undistorted Zkman spirals are not often observed in either the lower
troposphere or the upper ocean. In the latter, waves and convection stir the
water thoroughly. Moreover, fluctuations of speed and direction occur in the
winds which drive ocean currents, and these fluctuations induce inertial
oscillations in surface flows of water. Nevertheless, and perhaps remarkably
in view of the simplicity of Ekman' s model, the oceanic response to wind
predicted by his theory does indeed occur, at least qualitatively.
To simplify his theory, Ekman assumed the ocean to be infinitely deep,
and he himself investigated the validity of this assumption, showing that, in
water of depth z = d, the angle ('fl) between the wind direction and the
direction of the resultant surface current is given by the relationship
tan

'f1

sinh 2�d/Df - sin 2�d/Dr

=------------

sinh 2�d/Df + sin 2�d/Dr

Thus: if d/Dr is small, 'f1 is small; if d = Dr, 'f1 = 45 ° ; and if
d > Dr, 'V is always very close to 45 ° . Only when d is very much less than
DE is c significantly less than 45 ° . Whatever the value of d, the angle
between wind direction and water movement gradually increases with depth
(because of the Coriolis effect). However, a complete Ekman spiral can
develop only where wind-driven water motions do not extend to the sea bed
(Figure 3.20). This is partly because sub-surface deviations of currents from
the wind direction depend upon z/D E and partly because friction between
currents and the sea bed not only reduces the speed of flow of water but also
causes bottom water to be deviated, to the left in the northern hemisphere, to
the right in the southern. It is a further effect of bottom friction that
Vo (the speed of flow of surface water) for a given value of wind stress is
considerably less in shallow water than in deep.
Ekman also assumed the ocean to be unbounded horizontally. Near
coasts, however, this asswnption is invalid.
Temperature and pressure
gradients develop in the sea where water is driven towards or away from a
shore. Moreover, non-uniform wind fields produce convergence or divergence of
water in the upper ocean. For example, the transports of water caused by
trade winds and the prevailing westerlies of middle latitudes are such that
water tends to accumulate and sink under subtropical anticyclones (Figure
3.21). Where there is divergence, water tends to ascend. Oceanic upwelling
occurs widely in equatorial regions and also, as we see later in this chapter,
in the Southern Ocean around Antarctica.
3.3.4

Surface wind stress
--------

Wind
stress
(,:)
can
be
quantified
using
the
formula
,: = p�U 2 , where p is the air density, � a dimensionless multiplier
called the drag coefficient and Uthe wind speed 10 m above the surface of the
sea.
Values of Vo can be calculated by means of the relationship
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Figure 3.20 - The vertical structure of a drift current in an
ocean of finite depth projected on a horizontal
plane.
For explanation, see text (section
3 . 3. 3 ) .
The curves for d = 2. 5D £ and
d = 1. 25Dr coincide, except where dashed near

Figure 3.21 - Schematic representation of convergence in the
upper ocean near the parallel of 25 ° and
associated vertical motions
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Again, however, terms which have been omitted become increasingly important as
� decreases, so that the relationship should not be applied in latitudes
less than about 100. Nevertheless, ocean currents do indeed tend to be
stronger near the Equator than in middle and high latitudes (for given values
of�), and they also respond more quickly to variations of wind speed.
Because the aerodynamic roughness of a water surface is governed by
the state of the sea, and because, in turn, the state of the sea depends upon
wind speed, C is a function of U. A satisfactory relationship between C
and U has not yet been found, however, which is perhaps not surprising,
considering the many interpretative, instrumental and operational problems
inherent in empirical investigations of the atmospheric boundary layer over
the sea. For low wind speeds, C is believed to be approximately 1 x 10- 3•
For speeds between 6 m/s and 22 m/ s, the relationship 10 3C = 0. 61 + O.063U
has been proposed.
3.3.5
Pure drift currents rarely exist in the ocean. Nevertheless, the
effectiveness of wind stress on the surface of the sea is obvious in the
response of currents in the uppermost layers of the Arabian Sea and Bay of
Bengal to changes in monsoonal winds. It is also evident in the similarity
between the pattern of major currents in the upper ocean and the pattern of
prevailing winds in the overlying atmosphere (Figures 3.22 and 3.23).
However, there are significant differences between the patterns.
Owing
to a complex interplay of dynamical forces,
westward
intensification of ocean currents occurs, so that, in middle latitudes,
equatorward flows are slow and broad, whilst poleward flows are rapid (often
more than 2 m/s) and concentrated near the western margins of ocean basins.
These flows are known as western boundary currents, and they are strongest
over continental edges. Some, such as the Gulf Stream, the Kura Shio and the
Agulhas Current, are permanent features of the global pattern of surface
currents. The Somali Current is also a western boundary current but is
present only during the period May to September (whilst winds over the Arabian
Sea are south-westerly).
3.3.6
The major ocean currents flow around the elevations and depressions of
sea level which result from convergence and divergence of water in the upper
ocean. They flow clockwise around elevations in the northern hemisphere,
anticlockwise in the southern; they flow anticlockwise around depressions in
the northern hemisphere, clockwise in the southern. The speed of flow of each
current depends upon the steepness of the associated isobaric slope. To a
first approximation, there is geostrophic balance in the upper ocean, between
the hydrospheric pressure gradient and the Coriolis force. Thus, the concepts
of geostrophic currents in the sea and geostrophic winds in the atmosphere are
analogous.
The speed of flow (V) of an ocean current is given by the
following formula, which is equivalent to the geostrophic-wind equation for
upper-air contours (Chapter 2):
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g flz
V=-f £\h

where flz/flh is the slope of the sea surface. If et, = 350 and V = 2 m/s,
for example, the slope is 1.7 x 10- 5 (1.7 m in 100 km).
3.4

Upwelling

Where the prevailing wind blows parallel to a coast, surface water is
driven shorewards or seawards. This occurs because water is driven to the
right of the wind in the northern hemisphere, to the left in the southern.
Where the wind direction is such that shoreward transport occurs, water is
forced to sink; where coastal water is driven seawards, it is replaced by
sub-surface water. This water ascends from a depth of 100 to 200 m and is
significantly colder than the water which it replaces. Off Peru and northern
Chile, for example, where coastal upwelling is probably more extensive and
vigorous than anywhere else in the world, surface water is typically 7 ° or 8 °
colder than the average for its latitude (Figure 3 .24). Coastal upwelling
also occurs strongly, and more or less perpetually, in the Benguela and Canary
Currents, and it occurs seasonally off California and in the Arabian Sea off
the Arabian and Somali coasts. Off California it is strongest in spring and
autumn and weak or absent in winter. Off the Arabian and Somali coasts, it
occurs only during the period when winds over the Arabian Sea are
south-westerly.
Ascending motions in the sea cause surface waters to become rich in
nitrates, phosphates and other nutrients. These nourish phytoplankton and, in
turn, zooplankton. Accordingly, fish abound and millions of seabirds thrive
in such regions. Indeed, birds are so numerous off the west coast of South
America that their guano has proved an important resource in the economies of
Ecuador, Peru and Chile. Upwelled water contains smaller amounts of dissolved
oxygen than the water it replaces, partly because it has not recently been in
contact with the atmosphere and partly because the animals in it consume
oxygen during respiration.
Wherever coastal upwelling occurs, its intensity varies seasonally, in
response to the annual rhythm of global wind patterns.
In general, the
intensity is least in autumn and winter, but off Peru it is least in summer.
Occasionally, however, upwelling fails unexpectedly, with serious ecological
and economic consequences. Nowhere are these consequences more severe than
along the Peruvian coast, where the surface waters of the sea become several
degrees warmer than usual and millions of fish and seabirds die.
The
anomalous behaviour of the Peru (or Humboldt) Current is associated with a
phenomenon known as El Nino. This phenomenon is important on local, regional
and global scales and we study it in Chapter 4.
3.5

Surges

Where the surface of the sea is higher than predicted, a positive
surge exists. Where it is lower, a negative surge exists.
The difference
between observed and predicted tidal heights at a particular place and time is
called the residual.
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3.5.1

Causes

The meteorological factors which may cause the actual height of the
sea surface at a given place and time to differ from the height predicted
purely on the basis of tidal theory are as follows: decreases of atmospheric
pressure cause sea level to rise and increases cause it to fall (the so-called
wind stress on the surface of the sea causes the
inverted-barometer effect
water level on a coast to rise if the net transport of water is towards land,
to fall if it is away from land.
11

11);

The slope of the sea surface created by a steady wind stress can be
ascertained using the formula

where rn is the slope (the rate of change of z with horizontal distance) and D
the depth of water. As m is inversely proportional to D, given a constant
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value of U, it follows that wind-driven surges are of practical significance
only on coasts and in shallow water. The effects of pressure variations on
sea level can be quantified using the hydrostatic equation
where MI is the pressure-induced increment in the height of the sea surf ace
and �p the difference between the actual and mean values of barometric
pressure over the sea area concerned.
Near coasts and in shallow water, wind stress is usually much the more
important of the two factors. Strong winds can raise or lower coastal water
levels by two or three metres, or even more where surges are focused by
estuaries. In contrast, the pressure-induced rise in sea level when a deep
depression passes over an area is typically only 40 or 50 cm. This is so
because a variation of atmospheric pressure of 1 hPa is equivalent to a change
of sea level of only 1 cm (assuming hydrostatic equilibrium has been
established).
3.5.2

To mariners, negative surges are navigational hazards, especially in
the shallow waters of the southern North Sea, where residuals exceed 1 m
several times a year. At the entrance to the Thames estuary, for example,
negative surges of 1.2 m or more occur on average five times a year.
Residuals of this magnitude are comparable with the minimum permitted
under-keel clearance Cl m) of a deep-draught ship. Account must also be taken
of large waves generated by the strong winds which create major surges,
because depths are further reduced in wave troughs.
3.5.3
Large positive surges cause erosion and flooding. Certain coastal
areas are particularly susceptible to such inundation. In the Netherlands and
eastern England, for example, where large positive surges are created by the
strong winds and low pressures of deep extratropical depressions, some coastal
areas have been flooded repeatedly. At Venice, too, which lies only 1 m above
the mean level of the Adriatic Sea, surges generated by extratropical
depressions frequently cause flooding. On the Atlantic seaboard of the United
States, the coasts of the Gulf of Mexico, the Pacific seaboard of Japan, the
coasts of northern Australia and the low-lying tracts of the Ganges Delta,
large surges are raised by the hurricane-force winds and low pressures of
tropical cyclones (tropical revolving storms), as we see in Chapter 4. Large
waves compound the surge · problem, because they damage or destroy coastal
defences and, for all practical purposes, raise the critical water level.
Positive surges tend to occur on the east coast of England when winds
are predominantly northerly or north-westerly over the North Sea, whereas
negative surges are produced by south-westerlies. Vigorous depressions moving
from Scotland to the Baltic can therefore be expected to generate in the
southern North Sea first a negative and then a positive surge as ;winds veer
from south-westerly to north-westerly (Figure 3.25). In fact, large surges in
the southern North Sea possess two components, one which originates in the
North Sea basin and another which originates outside. The latter is caused by
winds dr�ving water from the North Atlantic Ocean into the North Sea.
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Figure 3.25 - Surge residuals, 28-29 September 1969.
locations of the ports are shown on Figure 3.26
3.5.4
Surges travel anticlockwise around the North Sea basin, taking about
24 hours to propagate from north-east Scotland to south-west Norway. Making
use of this fact, oceanographers have been able to construct empirical
formulae by means of which water levels can be predicted at ports on the east
coast of England (Figure 3.26). The following is an example:
Rs

=

0.29 + 0.73RL

+

0.38Rr - 0.57RL-3

+

0.007Va,t-6

where Rs, RL and Rr are the high-water residuals ( in feet) at Southend,
Lowestoft and Immingham respectively; RL-J is the residual three hours
before high water at Lowestoft and V 3 , t - s is the component of the
geostrophic wind ( in knots) blowing from 30 ° west of north over the sea
between Lowestoft and The Netherlands six hours before high water at
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Figure 3.26 - Reference ports and wind areas for surge forecasting
Southend. High water occurs at Lowestoft three hours, and at Immingham seven
hours, earlier than at Southend. It is an observed fact that large positive
surges tend to favour half-tide and avoid high tide. The reasons are not
fully understood.
Empirical methods have proved successful for predicting the heights of
positive surges in the North Sea and elsewhere, notably the Irish, Baltic and
Adriatic Seas. However, efforts to forecast negative surges by means of
empirical techniques have met with rather limited success. Forecasting for
offshore areas has proved especially difficult, mainly because regular tidal
observations are made only on coasts. Nowadays, endeavours to forecast surges
are generally based upon mathematical modelling.
3.5.5
In the Gulf of Venice, where the tidal range is small (55 to 60 cm at
times of syzygy) and tidal currents are weak (generally less than 10 cm/s),
there is virtually no interaction between tides and surges.
Here, the
greatest elevations of sea level (sometimes over 1. 5 m) occur when surges
raised by wind and pressure forces combine with seiches (inertial oscillations
of enclosed and semi-enclosed water masses). In these circumstances, the
surges observed at Venice are oscillatory in character.
Amplitudes are
largest when pressure is low to the west of Italy and strong south-easterly
winds are blowing across the relatively shallow waters of the northern
Adriatic. The period of the fundamental longitudinal seiche of the Adriatic
Sea is 21.3 hours.
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Thermohaline circulations

Oceanic motions are caused not only by the action of wind on the
surface of the sea but also by density contrasts between water masses. As the
density of water is determined principally by temperature and salinity
(Chapter 1), the oceanic motions which are driven by density contrasts are
called thermohaline circulations.
They are essentially convective.
In
general, wind-driven currents occupy the uppermost 200 m or so of the oceans,
whereas thermohaline circulations predominate beneath the EJanan layer. This
is not so in the Mediterranean Sea and the Arctic Ocean, however, where
circulatiuns are driven almost entirely by convection.
3.6.1

The Mediterranean Sea

Climatic zones migrate seasonally. Accordingly, weather over the
Mediterranean Sea and surrounding lands is controlled by extratropical
depressions in winter, subtropical anticyclones in summer. Much of the annual
precipitation falls in the period October to April, whereas in summer, when
skies are largely cloudfree, precipitation is scanty and evaporation rates are
high. Annually, there is a net loss of water from the Mediterranean Sea,
because precipitation and
river runoff are insufficient to offset
evaporation. To make good the deficiency, water flows through the Strait of
Gibraltar from the Atlantic Ocean.
Evaporation causes the salinity, and therefore the density, of the
surface water in the Mediterranean Sea to increase, so that convection
occurs. Dense surface water sinks, displacing water which is less dense.
Eventually, a current flows out of the Mediterranean Basin through the Strait
of Gibraltar. There is, therefore, a surface flow of less dense water into
the Mediterranean Sea through the Strait of Gibraltar and a bottom flow of
dense water out. On average, as shown in Figure 3.27, the inflow amounts to
1.75 x 10 6 m 3 /s and the outflow 1.68 x 10 6 m 3 /s, the difference being
the net loss of water through evaporation. The salinities of the inflow and
outflow are about 36.25%0 and 37.75%0 respectively, and the temperature of
the outflow is about 13 ° C. The density of the water flowing out of the
Mediterranean Basin is such that the water's equilibrium depth in the Atlantic
Ocean is 1 000 to 1 500 m (Figure 3.28). Having reached this depth in the
Atlantic Ocean, the water flows southwards, together with North Atlantic deep
water (discussed later in this chapter).
3.6.2

The -----Arctic Ocean

The North Atlantic Drift Current splits as it approaches Europe
(Figure 3.29l. One branch turns southwards, to become the Portugal Current.
The other turns north-eastwards towards the Norwegian Sea, where some of the
flow branches towards southern Greenland, as the Irminger Current, and some
enters the North Sea. The majority, however, enters the Barents Sea and
eastern parts of the Greenland Sea. As the water travels polewards, the
surface layer cools progressively and the salinity is reduced by
precipitation, runoff and lateral mixing. Where melt-water adjacent to the
polar sea ice (frozen sea water) is encountered, near Svalbard (Spitzbergen),
the temperature of the surface layer is typically 3 ° to 4 ° C and its salinity
about 35% 0 .
The corresponding water density is about 1 027.8 kg/m 3
(Figure 3. 30). Although the melt-water is two or three degrees cooler than
the water of Atlantic origin, its salinity is several parts per thousand lower
and its density lies in the range 1 024 to 1 026 kg/m 3 • Thus, the Atlantic
water is the more dense and therefore sinks beneath the melt-water and the ice.
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Figure 3. 27 - Schematic representation of the average annual water balance of
the Mediterranean Sea.
S denotes salinity and the arrows
indicate water movements
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Water of Mediterranean origin is evident at
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OCEAN-ATMOSPHERE INTERACTIONS

�,... .

++:> t
·.·\'

�

.· ��-�-�

.·

30°w-:r

83

�
__,...

Figure 3.29 - Prevailing surface currents in the Arctic Ocean
and north-eastern parts of the Atlantic Ocean.
The circulation to the north of Alaska is known
as the Beaufort Sea Gyre. The dotted lines
indicate mixed water
Some of the Atlantic water flows eastwards into the Barents Sea, but
most enters the Polar Basin (at a depth of 200 to 900 m) through the deep
channel between Greenland and Svalbard (Figure 3.29).
The compensatory
outflow of surface water from the Polar Basin also takes place mainly between
Greenland and Svalbard. This is the route by which sea ice is exported from
the Arctic Ocean. There is very little exchange of water between the Arctic
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(a) 31 August to 4 September, 1975.

(b) 21 to 25 February 1976.

Figure 3.30 - Sea-surface isotherms and sea-ice limits in the
Greenland and Norwegian Seas during the periods
31 August to 4 September 1975 and 21 to 25
February 1976
and Pacific Oceans, because the Bering Strait is narrow (58 km) and shallow
(maximum depth 58 m). There is also very little exchange of water between the
Arctic and Atlantic Oceans through the channels of the Canadian archipelago.
As shown in Figure 3. 29, the principal features of the pattern of
surface currents in the Arctic Ocean are a clockwise gyre more than 1 000 km
in diameter in the Beaufort Sea and a broad flow across the North Pole and
eastern side of the Polar Basin to the Greenland Sea. This flow continues, as
the East Greenland Current, through the Denmark Strait to the southern tip of
Greenland. Thus, there is a strong zonal contrast of temperature in the
waters between Greenland and Norway. The coastal waters and fjords of Norway
remain open to shipping throughout the year, even well to the north of the
Arctic Circle, whereas, without icebreaker assistance, the coast of eastern
Greenland is inaccessible to shipping for most of the year. The extent to
which the warm water conveyed by the North Atlantic Current penetrates high
latitudes is also shown by the air temperatures observed at coastal stations
in northern Norway. On the Lofoten Islands Clatitude 68 ° N), for example,
January's mean temperature is as much as 27 ° C higher than the latitudinal
average for that month.
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3.6.3
South-east of Greenland, where the waters of the Irminger and East
Greenland Currents meet, caballing takes place. This is the process whereby
mingling of two water types of different temperature and salinity but equal
density produces a mixture which is more dense than either of the converging
flows (Figure 3.31). The occurrence can be demonstrated graphically using the
temperature-salinity (T-S) diagram (see Chapter 1), on which isopycnals (lines
of constant density) are curved, whereas the co-ordinates of the mixture
(T 1 ,S 1;
CT m,Sm ) and the co-ordinates of the waters which mingle
T 2,S 2) - are linked by a straight line.
The water produced by caballing
south-east of Greenland CT m = 3 ° to 4° C, Sm = 34.9%0, Ot = 27.80 to
27.85) sinks to a depth of between 1 500 and 4 000 m and thence flows
southwards, as North Atlantic deep water, to middle latitudes of the southern
hemisphere.
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Figure 3.31 - Caballing.

For explanation, see text (section 3.6.3)
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3.6.4

Antarctic bottom water

As the curvature of isopycnals on the T-S diagram is greatest at low
temperatures, caballing is particularly important in high latitudes and may be
a significant factor in the generation of Arctic and Antarctic bottom water.
The former, the most dense water in the ocean (at = 28 .1) , is produced
beneath the sea ice of the Arctic Ocean and the Greenland Sea but is largely
confined to the Polar, Greenland and Norwegian Basins. Only very occasionally
does it cascade over the ridges which connect Scotland, the Faeroe Islands,
Iceland and Greenland. Antarctic bottcm water forms the lowermost water mass
in the basins of the Atlantic, Indian and Pacific Oceans well north •of the
Equator (Figure 3.32), having travelled thousands of miles from where it was
produced, beneath the sea ice which surrounds Antarctica (particularly in the
Weddell and Ross Seas and the waters off Adelie Land).
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Figure 3.32 - Movements of Antarctic bottom water
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Beneath sea ice, especially during winter, the density of water is
increased by cooling and the addition of brine drained from the ice above. In
the Weddell Sea and elsewhere around Antarctica, this water probably mingles
with water of comparable density to produce a mixture sufficiently dense to
sink. Whatever the exact cause, water immediately beneath the sea ice around
Antarctica becomes so dense (at = 27.9) that it sinks down the continental
slope and thereafter spreads northwards and eastwards along the ocean floor.
The water's salinity is initially 34. 6%0 and its temperature close to the
freezing poiLt of water bearing that salinity, -1.9 ° C. On the ocean floor it
is heated slowly, by means of a small upward flux of geothermal heat (on
The mean annual production rate of
average about 5 x 10- 7 mW/m 2 ).
Antarctic bottom water in the Weddell Sea, the principal source region, is
approximately 10 x 10 6 m 3 /s. The mean annual production rate of Antarctic
bottom water from all sources is about 38 x 10 6 m 3 /s.
3.7

Sea ice

3.7.1
Salinity (S%o) depresses not only the freezing point of water
(TF ° C) but also the temperature CTo ° C) at which the maximum specific
gravity of water occurs. Because TF = -0.053S and To = 4.0 - 0.215S, it
Where S >
follows that To = TF where S = 24.7% 0 . (Figure 3.33).
24.7% 0 , as is generally the case in the sea, the uppermost layer of water is
mixed convectively when its surface is cooled. As a result, surface water
sinks and is replaced by water which is warmer and less dense.
Indeed,
freezing cannot occur on the surface of deep water unless the cooling rate at
the surface is sufficiently great to offset the effect of convection.
In
contrast, freezing occurs relatively quickly in shallow water, as the quantity
of water to be cooled is limited by the depth. Where S < 24.7% o , as in the
Baltic Sea and near river mouths, water becomes stably stratified before it
freezes and so cools more rapidly than water which is mixed convectively.
Therefore, ice forms preferentially in shallow water and in water of low
salinity.
Whatever the value of S, the waves, tides and currents which
disturb the surface of the sea generally hinder ice formation. As the wind
speed increases, however, so also does the rate of evaporation and, hence, the
cooling of surface water.
Freezing is first visible when minute crystals of pure ice appear in
the water. The surface of the water is then said to be covered with frazil
ice (frazil being derived from the French word fraisil, meaning cinders). The
crystals initially vary in shape from squarish discoids to hexagonal dendrites
(the dendritic form being the most common under conditions of rapid cooling),
but they soon develop into hexagonal needles of height 0.1 to 1.0 nm and width
of about 2.5 cm. As freezing continues, a lattice of ice crystals develops on
the water surface. Then, as downward growth proceeds, cellular ice forms.
The walls of the cells are composed of pure frozen water, and small
amounts of brine are trapped in the cells themselves. Continued cooling
causes a thickening of the cell walls and a concentration of brine within the
cells. Dissolved salts crystallize out of the brine at certain temperatures:
at -8.2 °C, for example, sodiwn sulphate crystals begin to form, and at -23.0 ° C
sodium chloride crystals are precipitated. The salt content of a lump of sea
ice depends upon the rate at which the ice is formed, which is largely a
function of air temperature and wind speed. The salt content also depends
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Figure 3.33 - The freezing point of water and the temperature at which maximum
density of water occurs, as functions of salinty
upon the age of the ice. The salinity of new ice which has grown rapidly
tends to be relatively high, whereas the salinity of old ice is generally
low. This is so because entrapped brine gravitates through sea ice with
time. Whatever the age of the ice, however, its salinity tends to increase
downwards, as a result of brine drainage.
Ice formed in still water is usually brittle, because most of the
crystals in it are set vertically. Normally, though, wind and wave action
cause the orientations of crystals to be random, resulting in a comparatively
strong configuration of the ice. Waves and swell further disorder crystals by
fragmenting young ice into small angular pieces which, by collision with one
another, become rounded and acquire raised rims. These rounded pieces, known
as pancakes, are typically 30 cm to 3 m in diameter and up to about 10 cm in
thickness. They become joined to each other to form a continuous sheet.
An ice sheet thickens principally by the freezing of water on its
underside but also, to some extent, by the addition of snow on its surface.
The rate of freezing, which is determined by the magnitude of the vertical
heat flux at the bottom of the ice, basically depends upon air temperature and
ice thickness. Depth and compaction of snow are also important, snow being an
effective thermal insulator. Wind speed does not greatly influence the growth
rate of ice, even though it controls turbulent heat exchange in the
atmospheric boundary layer.
3.7.2
Ice melts quickly when rain falls upon it. Otherwise, the rate at
which ice decays is controlled principally by air temperature, solar radiation

OCEAN-ATMOSPHERE INTERACTIONS

89

and surface albedo. Ice stops growing and begins to decay before the air
temperature reaches the melting point of ice (TM). This is so because TM
> T F . When the air temperature is close to T F , the temperature gradient
through the ice is insufficient to sustain freezing, and when it is higher
then TF, freezing obviously does not occur. The albedos of clean snow and
melt-water are typically about 0.9 and 0.45 respectively. Ice therefore melts
rapidly once pools of melt-water are present on its surface, and a sheet 2.5 m
thick can melt completely within six weeks.
3.7.3

Sea ice in the Arctic

Sea ice constitutes the greatest hindrance to shipping in high
latitudes, not only on the open ocean but also in harbours, estuaries and
navigable rivers. Indeed, for several weeks during winter months a number of
ports in North America, Scandinavia and the USSR are closed to all shipping,
except for vessels which are specially strengthened or ice-breaker assisted.
Ice also forms on the Great Lakes during winter. There are no commercial
ports in high latitudes of the southern hemisphere, but the accessibility of
Antarctic bases is regulated by the extent and concentration of sea ice. We
now focus upon distributions and characteristics of such ice in the Arctic and
Antarctic. Definitions of ice terms are given in Chapter 5.
The Arctic Basin is occupied by an ocean 12.2 x 10 6 km 2 in surface
area. About half of this is permanently covered with an expanse of sea ice in
which the concentration of ice is everywhere greater than 7 /10. This ice is
known as Arctic pack. About 60% of the ice is five years or more old and 2 %
is as much as 19 years old. The average thickness of the pack ice is 2.5 to
4 m at the end of winter and 1.5 to 3 m at the end of summer. Ice one year
old is not normally more than 2 m thick.
Sea ice attached to the shore is known as fast ice, because it remains
fixed in the position where it grows. Until it breaks away, and then floats
elsewhere, its only movement is up and down with the tides. Its seaward limit
coincides approximately with a water depth of 20 m. Thus, its seaward extent
varies considerably from place to place, being greatest (over 400 km) off
Siberia. It is particularly extensive off the mouths of the rivers Yana and
Lena, where discharges of fresh water cause salinities to be low and
conditions therefore favourable for ice formation. A sheet of fast ice which
projects more than 2 m above sea level is known as an ice shelf.
Surrounding the Arctic pack there is a field of loosely connected
pieces of sea ice called floes, which drift under the action of wind, current
and tidal stream (Figure 3.34). The concentration of ice in the field is
everywhere more than 4/10. Floes vary greatly in size, ranging in breadth
from 20 m to over 10 km (but, by definition, not more than the visual range
from the mast-head of a ship). Ice islands (fragments of ice shelves) drift
with the Arctic pack and among the floes. They are occasionally as much as
50 m thick and several hundred square kilometres in surface area. They may
survive up to 30 years, and they consist of old ice which is so tough that
explosives are required if ships are to penetrate. On numerous of these
floating islands scientists have maintained geophysical and biological
research stations for periods of many months.
Ice growth and decay in the Arctic follow a seasonal rhythm. Freezing
c0111Dences in September or October. Air temperatures fall sharply during
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Figure 3.34 - Avoiding floes when navigating through ice
November and December, and the thickness of newly formed ice is typically
about 1 m by the end of the year. Ice continues to grow from January to May
on the Arctic Ocean, to March or April in lower latitudes.
Thereafter, the
ice melts and disintegrates. The thickness of multi-year ice varies by no
more than a few centimetres between mild and severe winters, largely because
the ice and superincumbent snow provide effective thermal insulation. The
depth of snow lying upon sea· ice on the Arctic Ocean is about 350 to 400 mm
when summer melting commences, and the ice is usually free of snow by mid-July.
By the end of winter (March) the ice concentration exceeds 4/10 over
about 15 x 10 6 km 2 of the Arctic, North Atlantic and North Pacific Oceans
{Figure 3.35). This is 20 to 25% more than at the end of summer (September).
The distribution of ice about the North Pole is markedly asymmetric,
reflecting the influence of ocean currents.
Even in a severe winter the
Greenland Sea to the west of Svalbard remains free of sea ice to almost 80 ° N,
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Figure 3.35 - The limits of Arctic sea ice
whereas the Pacific Ocean off eastern Asia and the Atlantic Ocean off eastern
North America are usually covered with ice as far south as latitude 45 °N by
the end of winter. Indeed, the east coast of North America is occasionally
ice-bound almost to Cape Hatteras (35 ° 10'N).
Winds and oceanic motions cause ice sheets to fracture and floes to
collide. As a result of these collisions, ridges and hummocks are formed.
Continual thawing and refreezing fuse the overlapping floes into massive
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blocks which may rise more than 7 m above the water surface. These eventually
become very tough blocks of pure ice, because brine drainage occurs.
Bummocks, the downward counterparts of hummocks, may extend 30 m or more below
the water surface. Where floes are driven apart, leads and polynyas are
created. Leads are navigable passages and polynyas are extensive areas of
open water. The areal extents of ridges, hummocks, leads and polynyas are not
yet precisely known. However, the area of the total ice cover which is ridged
or hummocked probably exceeds 10%.
The greatest average thickness of ice on the Arctic Ocean, 3.5 m,
occurs in the Beaufort Sea Gyre (Figure 3.29). Ice tends to converge upon
this area, so that large numbers of ridges and hummocks form. In contrast,
ice tends to be comparatively thin over the Eurasian continental shelf. This
is a consequence of turbulence in the water. Nevertheless, transits of the
North-East Passage (the Northern Sea Route) are not normally possible without
ice-breaker assistance, even in late summer, because local convergence causes
ice concentrations to be heavy in a number of places, particularly off the
Asian coast east of Severnaya Zernlya. Likewise, ice-breaker assistance is
normally required to make the North-West Passage, for ice concentrations tend
to be heavy and ridges and hummocks frequent throughout the year in central
and western sections of the Passage. Transits of eastern sections are usually
easy in late summer.
3.7.4

in-the
Antarctic
-Sea--ice- - ----

Whereas the Arctic Basin is occupied by an ocean, Antarctica is a
continent (or maybe archipelago) surrounded by an ocean (Figure 3.36).
Whereas the Arctic Ocean is covered with a skin of ice which is formed by the
freezing of sea water, Antarctica is buried beneath a sheet of ice formed by
compaction of snow. The surface area of the Antarctic sheet is about 13.5 x
10 6 km 2 , with an average thickness of approximately 2 km. More than 90%
of Earth's permanent ice is contained in this sheet. The ice creeps outwards
from the central plateau of Antarctica (where its surface lies about 3 km
above sea level) and it eventually reaches the Southern Ocean. For the most
part, the ice moves about l m per day, but in the great glaciers of the
mountainous regions it advances more quickly, some 50 to 100 m per day. Ice
shelves extend seawards from the coast of Antarctica. These are composed of
sea ice and superincumbent compressed snow, and in some places they rise about
100 m above sea level. The Ross Shelf of the Ross Sea and the Filchner-Ronne
Shelf of the Weddell Sea are the largest of these shelves. Indeed, the Ross
Shelf spans the whole width of the Ross Sea, a distance of over 700 km, and it
terminates in a cliff, known as the Great Barrier, which rises over 70 m out
of the sea.
Fast ice and drifting sea ice cover about 6.5 x 10 6 km 2 of the
surface of the Southern Ocean at the end of summer (March), compared with 25.5
x 10 6 km 2 at the end of winter (September). Winds and currents are such
that concentrations of ice tend to be greatest in the Bellingshausen Sea and
in southern and western parts of the Weddell Sea. Generally, though, ridges
and hummocks are not as massive in the Antarctic as in the Arctic, because
movements of sea ice on the Southern Ocean are relatively unrestricted
compared with those on the almost land-locked Arctic Ocean. However, level
sea ice tends to be thicker in the Antarctic than in the Arctic. At McMurdo
Sound (77.0° S 170.0 ° E), for example, ice one year old is typically 2. 75 m
thick (compared with 2 m in the Arctic) and multi-year ice is sometimes as
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Figure 3.36 - The limits of sea ice in the Southern Ocean
much as 15 m thick. In the eastern part of the Weddell Sea there is a large
area which tends to remain free of ice throughout the year, for reasons which
are not yet fully understood. Such an area is called a recurring polynya.
The most extensive recurring polynya in the Antarctic is that found off the
Ross Shelf; its area sometimes exceeds 250 000 km 2 •
3.8

Icebergs

3.8.1

Icebergs (fragments of glaciers and ice shelves) drift among the floes
on the Southern Ocean. Some are peaked and craggy, but most are tabular;
indeed, the icebergs of the Southern Ocean are characteristically flat-topped,
because the ice shelves which supply them tend to be free of surface
undulations (Figure 3.37). Tens of thousands of icebergs enter the waters
around Antarctica every year, together with countless numbers of bergy bits
and growlers. Bergy bits are fragments of ice which protrude up to 5 m above
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the surface of the sea and measure no more than 10 m across; growlers are much
smaller pieces of ice which are almost awash.
Icebergs, by definition,
protrude more than 5 m above the sea surface.
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Figure 3.37 - A tabular iceberg
Because approximately 90% of the volume of a piece of floating ice is
submerged, the movements of growlers, bergy bits and icebergs are controlled
mainly by currents in the upper ocean. Winds are also effective, however,
partly because they act directly on the exposed faces of bergs and partly
because they influence water movements. Icebergs diminish in size by calving,
melting and erosion. Calving disturbs the equilibrium of a berg, and in
extreme cases bergs capsize. Moreover, calving generally occurs suddenly. An
iceberg should therefore be given a wide berth.
Antarctic icebergs are generally no more than a few kilometres in
length when newly calved, but some are several tens of kilometres long. The
largest on record, Trolltunga, discovered in 1967, was initially over 100 km
in length and about 5 000 km 2 in surface area. In May 1978 this berg was
still in existence, although reduced in size to 56 x 23 Jan, having travelled
with the currents around the Weddell Sea and thence north-eastwards from its
source at 69. 5 ° S 1 ° W to a point north-east of South Georgia (Figure 3. 38).
However, Trolltunga began to disintegrate soon afterwards, and by December
1978, when it was last sighted, at 43 ° S 11 °E, it was but a collection of
growlers, bergy bits and small icebergs.
Near
their
sources,
Antarctic
icebergs
typically
drift
north-westwards. Their tracks become progressively more northerly, however,
and below about 63 ° S they tend to drift eastwards with the Antarctic
Circumpolar Current (also known a-s the Southern Ocean Current, or West Wind
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Figure 3. 38 - The movements of Trolltunga from 8 March 1967
(position 1) to 29 May 1978 (position 34). The
dates corresponding to the iceberg's positions
are listed in Table 3.3
Drift). Bergs· have occasionally been sighted close to the Cape of Good Hope
and the southern coasts of Tasmania and New Zealand, but only off Cape Horn do
they present any significant threat on regular shipping routes.
The notion of exploiting icebergs as sources of fresh water was first
taken seriously about a century ago, but only since about 1975 has the idea of
towing icebergs from the Antarctic to the arid coasts of Australia, southern
Africa and South America been considered economically feasible and within the
capabilities of modern technology. Nevertheless, many practical problems of
iceberg transport and processing must be solved if iceberg utilisation is to
prove a practical proposition, and many potential consumers of icebergs remain
sceptical of the whole idea.
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TABLE 3.3
The dates corresponding to the numbered positions on Figure 3.38
No.
1
2

3

4
5
6
7
8

9
10
11

12
13

1

14
15
16
17

8
1l:
7
10
15
15
26
18
15
30
15
7
30
-10
26
31
9

Mar
Oct
Nov
Jan
Jan
Jan
Jan
Mar
May
Jun·
Aug
Nov
Jan
Mar
May
Jan
Mar

Date

No.

Date
1967
1967
1967
1968
1969
1970
1975
1975
1975
1975
1975
1975
1976
1976
1976
1977
1977

18
19
20
21
i2
23
24
25
26
27
28
29
30
31

32
33
34

24
24
23
3
10
25
13

21
3

2
10
19

2T

21
5
24
29

May
Jul
Sep
Nov
Dec
Dec
Jan
Jan
Feb
Mar
Mar
Mar
Mar
Apr
May
May
May

1977
1977
1977
1977
1977
1977
1978
1978
1978
1978
1978
1978
1978
1978
1978
1978·
1978

3.8.2
More than 90% of the icebergs in the Arctic are derived from
Greenland's glaciers. The only other noteworthy sources in the Arctic are the
glaciers of Svalbard (Spitzbergen), Novaya Zemlya, Severnaya Zemlya and Zemlya
Frantsa Iosifa. The Greenland ice sheet covers an area of 1.8 x 10 6 km 2 ,
is more than 3 km thick in places, and contains about 90% of the land-based
ice in the northern hemisphere. Between 12 000 and 15 000 icebergs are calved
from the Greenland ice sheet each year. Many of the them stem from glaciers
on the east coast, particularly those which discharge into -Scoresby Sund, but
the majority are derived from glaciers which terminate in Baffin Bay,
particularly those which discharge into Disko Bugt and Melville Bugt. Unlike
their counterparts in the Antarctic, the icebergs of Arctic waters tend to be
irregular in shape (Figure 3.39). They also tend to be smaller. Although
some protrude 100 to 150 m or more above the surface of the sea, their
horizontal dimensions rarely exceed a few kilometres.
As shown in Figure 3.40, icebergs produced on Greenland's east coast
travel south-westwards with the East Greenland Current and then drift round
Kap Farvel into the Davis Strait, where most of them melt. Icebergs produced
on the west coast travel northwards through the Davis Strait and anticlockwise
around Baffin Bay. More than 40 000 bergs may be present in Baffin Bay at any
one time. Some run aground soon after calving and never leave their source
region. Others decay in Baffin Bay. The remainder pass through the Davis
Strait and enter the Labrador Current. Again, some run aground and others
melt, but in most years hundreds reach the Grand Banks of Newfoundland, where
they encounter the warm waters of the Gulf Stream. As the progress of
icebergs tends to be arrested by sea ice during winter months, bergs tend to
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25°
-j

Figure 3. 39 - A typical iceberg of Arctic waters.
The
diagram shows the diminution of an iceberg
observed by the International Ice Patrol (see
section 7.7) on 11 April, 21 April, 29 April
and 12 May 1921. The heights are in feet
be most numerous in the shipping lanes off Newfoundland from March to July.
average, about 210 bergs pass the parallel of 48 ° N each year, the majority
in April, May and June. However, the number of bergs reaching 48 ° N varies
greatly from year to year, ranging from 2 200 in 1984 to only one in 1958
(Figure 3.41). Bergs from sources other than those on Greenland tend to be
small in size and do not travel far from their point of origin.
On

3.9

Ice accretion (superstructure icing)

Accretion of ice on ships also causes difficulties for seafarers in
high latitudes. Indeed, superstructure icing jeopardizes the safety of ships
and greatly endangers the lives of mariners navigating in both the Arctic and
Antarctic. It raises a vessel's centre of gravity and reduces its metacentric
height; it increases the area of a vessel exposed to wind and hence the
heeling moment caused by wind; it affects steerability adversely; and it
alters trim. A vessel which is heavily coated with ice is therefore liable to
become unstable and capsize. Ice can form and accumulate on any vessel, but
those with low freeboards and large top-hampers are most at risk. Disasters

98

CHAPTER 3

Figure 3. 40 - The drift of icebergs from Greenland to the
Grand Banks of Newfoundland
have mostly involved trawlers, whalers and sailing vessels. Ice can also
cause topside working conditions to become treacherous on off shore platforms
such as drilling rigs, but accumulations of it are rarely sufficient to
threaten the safety or stability of a platform.
Superstructure icing can be caused by the freezing of rain, drizzle or
fog. However, growths of ice are greatest when spray generated by the passage
of a vessel through heavy seas freezes on decks and superstructure. The
washing clean of hull plates by the sea adds to the problems, because the
vessel is thereby made even more top-heavy than it would otherwise be. The
rate at which ice accumulates on a vessel depends upon air temperature, sea
temperature, salinity of the sea, wind strength, sea state (a function of wind
strength), duration of icing conditions, and construction of the vessel
In extreme circumstances the rate of accumulation of ice on a 500
affected.
tonne trawler can exceed four tonnes per hour. It is on record that a 700
tonne trawler accumulated 100 tonnes of ice in 24 hours. The distribution of
ice on a vessel depends upon the vessel's course and speed in relation to wind
and sea (Figure 3.42).
Nornograms are used for estimating rates of growth of ice on ships
(Figure 3.43). These are graphical presentations of relationships between air
temperature, water temperature, wind speed and rate of ice accretion.
Relationships for the Bal tic Sea and the open ocean differ considerably,
because surface water in the Baltic Sea is much less saline (3 to 20% 0 ) than
surface water in the open ocean (30 to 35%0).
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Figure 3.42 - Ca) Measured growth of ice (kg rn- 2 hr- 1) on Japanese patrol
vessels in relation to the course and speed of the vessels;
(b) Spray intensity observed when Soviet fishing vessels
travelling at speeds of Cl) 8.5 kn, (2) 7.0 kn and (3) 5.5 kn
encountered waves at various angles off the bow; (c) Spray
intensity observed when these fishing vessels encountered waves
of Cl) 1.0-1.5 rn, (2) 2.0-2.5 rn and (3) 3.0-3.5 m at various
angles off the bow
On the fishing grounds of the Davis Strait, the Labrador Sea, the
Denmark Strait, the Greenland Sea, the Barents Sea and northern parts of the
Norwegian Sea, moderate superstructure icing is most likely to occur during
Severe icing normally occurs only in January
the period November to April.
and February. On the Sea of Okhotsk too, and on northern parts of the Sea of
Japan, superstructure icing causes difficulties for mariners during winter
months. Close to Arctic and Antarctic pack ice, suitable weather and sea
conditions for at least moderate icing can occur at any time of year.
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Figure 3.43 - (a) Ice accretion on trawlers moving at low speed as a function
of air temperature, sea temperature and wind force (Beaufort).
The categories of accretion are (1) none, (2) low (1-3 cm in 24
hours), (3) moderate (4-6 cm in 24 hours), (4) heavy (7-14 cm in
24 hours) and (5) very heavy (15 cm or more in 24 hours);
(b) Severity of ice accretion on ships in relation to air
temperature and wind speed: Baltic conditions {solid curves)
compared with oceanic conditions (dashed curves)
3.10

Latent and sensible heat

3.10.1

Radiation balance

Finally in this chapter, we turn our attention to ocean-atmosphere
fluxes of latent and sensible heat (QE and QH respectively), which are
important components of the energy budget of the ocean surface. In turn, as
we see in Chapter 4, this budget is an important component of the global
radiation balance.
The sea absorbs and reflects solar {short-wave)
radiation. It also emits radiation (Rd appropriate to its temperature and
absorbs long-wave radiation (Re) transmitted downwards from clouds and the
atmosphere. The balance of radiant energy {RN) at a point on the surface of
the sea is given by the formula

where A is the surface albedo and Rs the total amount of solar radiation
reaching the surface directly or indirectly.
RN, QE and QH are related
thus:
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where Qs denotes storage of heat
divergence of heat by ocean currents.

in

the

ocean

and

Qo

the

horizontal

Motions are turbulent in the atmospheric boundary layer, and
theoretical treatments of them involve mathematical and statistical analyses
of an advanced nature. Essentially, turbulence is assumed to be composed of
eddies of various sizes interacting with the mean flow and with each other.·
It is further assumed that turbulent motions are basically random but that
eddies are correlated in space and time. Accordingly, the eddy correlation
approach can be used to evaluate turbulent fluxes. Alternatively, QE and
QH can be evaluated by means of profile techniques, which depend upon the
assumption that fluxes are proportional to the vertical gradients of their
respective properties.
In practice, the following formulae are commonly used for evaluating
fluxes of latent and sensible heat in the boundary layer over the ocean:

where T signifies air temperature, q specific humidity, U wind speed, p air
density, C the drag coefficient (discussed earlier in this chapter), C p
the specific heat of air at cons_tant pressure and L the latent heat of
vaporization of water. The subscripts o and z refer, respectively, to the
surface of the sea and height z above sea level (usually 10 m). An expression
for the rate of evaporation (E) can readily be obtained from the formula for
QE by substitution of QE = LE. It is as follows:

This expression can be rewritten as follows, because, for all practical
purposes, the specific hurnidity of a sample of air is identical to its mixing
ratio, so that q = 5e/8p (Chapter 2):

where e denotes vapour pressure; the units of E, e and U are, respectively,
mm/day, hPa and m/s.
3.10.3

Bowen's
ratio
- - - ---

The ratio QH/QE is Jmown as Bowen's ratio, [3.
Mean values of
f3 increase with latitude from about 0.1 near the Equator to about 0.45 at
The difference between the values for the two
70 ° N and 0.25 at 70 ° S.
hemispheres is a measure of the thermal influence exerted by the large
continents of the northern hemisphere.
In winter, cold air frequently flows
out over the oceans from these continents, causing values of f3 to become
quite large. It is on record, for example, that the value of f3 reached 2.3
over the Sea of Japan on an occasion when To - Tz exceeded 10 ° C.
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Evaporation rates are almost everywhere greater in winter than in
summer (Figures 3.44 and 3.45), because values of U z and eo - e z tend to
be greater during the cold season than during the warm. Mean values of E are
particularly high in winter over the Gulf Stream and the Kuroshio (over
10 mm/day in places). To some extent this is so because winds are often
strong in winter but the main reason is that prevailing winds continually
advect cold continental air over these warm ocean currents in winter. Indeed,
seasonal variations of E and QE are nowhere greater than over the Gulf
Stream and Kuroshio currents. · Seasonal variations are much smaller over the
cool currents which, in middle latitudes, flow in the eastern parts of
oceans. The air which is advected across these cool currents by prevailing
westerly winds has been so thermally and hygrologically modified by a long sea
track that values of eo - e z in the atmospheric boundary layer are
typically rather small.
Evaporation rates are high throughout the year in the trade-wind belts
of the tropics and subtropics.
Not only are values of eo - e z high in
these belts, but so also are values of U z , for trade winds typically blow
with a strength of force 3 or 4. The strongest trades blow over the South
Indian Ocean in winter (June to September), with an average speed of about
9 m/s.
Boundary-layer fluxes of latent heat in the trade-wind belts are
important in the maintenance of atmospheric circulations, because, as we see
in Chapter 4, most of the latent heat which is released inside the
Cumulonimbus clouds of the equatorial zone is accumulated in the trade-wind
belts.
Latent heat is accumulated when the air which subsequently enters
these clouds is turbulently moistened. In the tropics and subtropics, values
of E widely exceed 1.5 m/yr, and in the trades over some western parts of the
North Atlantic and North Pacific Oceans they exceed 2 m/yr. The loss from the
South Indian Ocean amounts to about 2.4 m/yr.
3.10.5 -----Fluxes of sensible
- ---heat
-A large upward flux of sensible heat can be expected in air which is
very much cooler than the surface of the sea across which it is flowing,
especially when the wind is strong. Accordingly, it is not surprising that
values of QH tend to be large in winter (Figure 3.46) over the Davis Strait,
the Sea of Okhotsk and the Barents Sea, because in winter the directions of
prevailing winds are such that air flowing across the surface of the sea has
generally been chilled shortly beforehand over neighbouring ice sheets or land
masses. Similarly, upward fluxes of sensible heat also tend to be large in
winter over the Gulf Stream and Kuroshio.
Fluxes frequently exceed
300 cal/cm 2 in a period of 24 hours. Thus, areas of open water close to ice
sheets
or
cold
continents
are important
in
respect
of
air-mass
transformation. A column of air 1 500 m deep taking up 300 cal/cm 2 in a day
(145 W/m 2 ) would be warmed by more than 8 ° C.
The highest values of QH occur in air streams originating over ice
sheets. Near Iceland, for example, values sometimes reach 60 cal cm- 2
hr- 1 (almost 700 W/m 2 ), and in northerly outbreaks over the Gulf of Alaska
High values also
values have exceeded 2 000 cal cm- 2 day- 1 ( 970 W/m 2 ).
occur over the Southern Ocean close to Antarctica. Fluxes of sensible heat
over the Gulf Stream south-east of Nova Scotia are so large in winter that
values of QH exceed 50 kcal cm-2 yr-1 (66 W/m 2 ), even though fluxes
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Figure 3.44 - Fluxes of latent heat (kcal cm-2 month-1) in December

Figure 3.45 - Fluxes of latent heat (kcal cm-2 month-1) in June
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Figure 3.46 - Upward fluxes of sensible heat (kcal cm-2 month-1 in December

Figure 3.47 - Upward fluxes of sensible heat (kcal cm-2 month-1 in June
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are generally small in summer. Annual fluxes of sensible heat from land
surfaces are larger only over tropical deserts. During summer months (Figure
3. 4 7) fluxes of sensible heat over the surface of the sea tend to be small,
except near ice sheets, and they may even be directed downwards over cold
currents and subtropical oceans. In low latitudes and over eastern parts of
oceans, values of QH tend to be small at all times of year.
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ATMOSPHERIC AND OCEANIC SYSTEMS
4.1

The nature of systems

Atmospheric motion never ceases.
This is vital, for without
atmospheric motion, there would be no weather systems, and without weather
systems, which serve to distribute heat and moisture, life as we know it would
be impossible on this planet. As pointed out in the Introduction, atmospheric
motion systems embrace a wide range of time and space scales, from the tiniest
turbulent eddies, which survive as recognizable entities for no more than a
second or two, to the variations in ice cover and the global climatic
fluctuations, which extend over millennia (Table 4 .1). The sea is likewise
always in motion, and within it too, as in the atmosphere, motion systems
abound (Table 4.1). In this chapter we study the atmospheric and oceanic
general circulations,
including their seasonal variations.
We also
investigate the complexities of synoptic-scale and mesoscale motion
systems in the atmosphere and the oceans. First, though, we focus upon the
nature of systems and consider why atmospheric and oceanic motions occur at
all.
The word "system" is derived from the Greek, systema, meaning
"organized whole", and it is related conceptually to another word of Greek
,origin, "holism", meaning "the tendency in nature to produce wholes from the
ordered grouping of units". Briefly, a system is a complex whole, a unity,
which is composed essentially of elements and links between the elements and
which regulates its own behaviour by means of internal feedback mechanisms.
The atmosphere and the oceans not only contain systems; they also function as
a single global system of two coupled fluids, the ocean-atmosphere system.
4.1.1

Scale interactions
---------

The tropical component of the atmospheric general circulation, for
example, operates as an element of the entire ocean-atmosphere system,
interacting with the extratropical atmosphere and with the oceans. In turn,
the tropical component is itself a system containing a variety of
synoptic-scale elements, such as hurricanes and typhoons. These are also
systems and they too interact - with each other, with the oceans and with
synoptic-scale systems outside the tropics. The elements of synoptic-scale
systems possess mesoscale and smaller dimensions.
Among the mesoscale
elements are squall-lines and sea breezes, and among the smaller elements are
the individual Cumulus and Cumulonimbus clouds so characteristic of the
tropics. They are all systems, and each can interact with others and with
underlying land and sea surfaces. They all contain elements smaller than
themselves, and these too can be regarded as systems. Thus, the tropical
component of the atmospheric general circulation operates as a sub-system of
the global ocean-atmosphere system, the synoptic-scale systems act as
sub-systems of the tropical system, the. mesoscale systems act as sub-systems
of synoptic-scale systems, and so on. The links between. the different scales
of motion are known as. "scale interactions".
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TABLE 4.1
Characteristic scales of some atmospheric and oceanic motion systems
ATMOSPHERIC SCALES OF MOTION
Type of motion

Dimensions
Time

Horizontal space

Microscale turbulent eddies
in the boundary layer

Up to several
minutes

Up to 100 m

Cumulus and Cumulonimbus
c
. louds and convective cells

Several minutes
to about an hour

100 m to 10 km

Mesoscale fronts, lee waves
and squall lines

Several hours to
about two days

10 km to a few
hundred Jan

Synoptic-scale systems, such
as tropical cyclones and
extratropical depressions

About two days to
about a week

A few hundred km
to about 2 000 km

Subtropical anticyclones and the
Intertropical Convergence Zone

More than a week

Several thousand km

OCEANIC SCALES OF MOTION
Dimensions
TYPE OF MOTION

Time

Horizontal space

Mid-ocean fronts

Half a day
to a week

10 to 50

Eddies and meanders

Several days to
a few months

100 to 500 km

Ocean gyres

Several weeks to
several months

1 000 to 3 000 km

-

km

-

4.2

Solar and terrestrial radiation

4.2.1

Solar radiation

The Sun provides virtually all of the energy which maintains
atmo.spheric and oceanic motions, supplying it in the form of electromagnetic
radiation.
The tiny amount of energy generated by radioactive decay and
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geothermal processes is negligible compared with that radiated from the Sun.
All substances radiate energy,
the amount radiated depending upon
temperature. According to Stefan's Law:
R

= oT4

where R is the intensity of the energy emitted in unit time from unit area of
a black-body (i.e. perfect) radiator, T is the temperature of the radiating
surface in degrees Kelvin, and o is Stefan's Constant (5.67 x 10- 8 W m- 2
K- 4). The energy spectrum of a black-body radiator as a function of T is
represented by Planck's formula:
C1

"\ - 5
/\.

exp(cz/ AT) - 1
where R).._ is the energy emitted in unit time from unit area within unit
range of wavelength (A) centred on A;
c 1 and cz are constants,
µm K.
The
respectively 3. 74 x 10 8 W m- 2 µm 4 and 1. 44 x 104
wavelength corresp?nding to maximum energy emission (Amax> varies with
temperature according to Wien's Displacement Law:
Amax = 2898/T

where the units of Am a x and T are, respectively, µm and degrees Kelvin.
The distribution of energy in the extra-terrestrial solar spectrum is
approximately that of a black body radiating at a temperature of about 6 000K,
and the corresponding value of Amax is 0.48 µm (Figure 4.1).
Solar radiation which is shorter in wavelength than 0.29 µm is
absorbed completely by oxygen and ozone in the high atmosphere. Radiation
longer in wavelength than 0. 7 µm is absorbed selectively by oxygen in the
high atmosphere and by water vapour and carbon dioxide in the troposphere
(Figure 4.1). The atmosphere allows radiation of the remaining wavelengths of
the spectrum to pass without absorption. However, the solar beam is further
reduced by reflection from clouds and by scattering from atmospheric molecules
and particles of dust and smoke.
Across a surface perpendicular to the solar beam at Earth's mean
distance from the Sun, the radiation flux (the Solar Constant) is
2
As the beam is intercepted by a circle of area irr 2 , where r
1376 W/m •
is Earth's mean radius, but distributed daily over the surface of a s�here of
The
area 4irr 2 , the mean flux normal to Earth's surface is 344 W/m .
planetary albedo (the ratio of the amount of solar radiation reflected to the
amount received) varies spatially and temporally, from less than 20% over the
tropical oceans to more than 60% in polar regions. However, the average value
for the globe is about 30%, so that a mean flux of about 240 W/m 2 remains
available for heating. Absorption of radiation shorter in wavelength than
0.29 µm and longer than 0.7 µm accounts for about 65 W/m 2 , leaving
2
175 W/m of direct and diffuse ( scattered) solar radiation to be absorbed at
F.arth's surface.
4.2.2

Terrestrial radiation
----------

Earth as a whole is neither warming nor cooling. Therefore, a balance
must exist between incoming solar and outgoing terrestrial radiation. The
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Figure 4.1 -

Energy distribution in the solar spectrum.
Curve A
represents
the
extra-terrestrial
spectrum and curve B the spectrum observed at
ground level

Accordingly, Earth should radiate
incoming radiation amounts to 240 W/m 2 •
to space as a black body with a temperature of about 255K (-18 ° C). However,
the mean temperature of Earth's surface is actually about 288K (+15 ° C), and as
substitution of T = 288K in the formula R = crT 4 gives the value R =
390 W/m 2 , the surface apparently emits more than twice as much energy as it
receives (175 W/m 2 )!
For T = 288K the radiation emitted from Earth's surface mostly lies in
the wavelength range 4 to 80 µm, and Amax is close to 10 µm. Some of
this radiation (notably wavelengths between 8 and 13 µm) can pass directly
to space, unless intercepted by cloud, but most is absorbed by the
atmosphere. The atmospheric gases principally responsible for this absorption
are water vapour and carbon dioxide (Figure 4.2). Kirchoff's Law states that
a body which strongly absorbs radiation of a certain wavelength also strongly
emits radiation of that wavelength. Thus, the outgoing terrestrial radiation
is successively absorbed and re-emitted as it propagates upwards.
As
temperature decreases with height, however, slightly less radiation is
re-emitted than absorbed at a given level. Consequently, there is a net flux
of radiation upwards towards space. Since concentrations of water vapour and
carbon dioxide tend to be greatest in the l0wer troposphere, Earth effectively
radiates to space from a level situated, on average, near 500 hPa
(approximately 5.5 km above sea level).
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relation to the radiation curve for T = 288 K
4.2.3

Radiation balance

When radiation transmitted downwards from the atmosphere and from
clouds is taken into account it is found that Earth's surf ace as a whole
radiates less energy than it absorbs (Figure 4.3). The surface possesses a
positive radiation balance, amounting overall to approximately 100 W/m 2 •
Indeed, there is a negative balance only in high latitudes in winter. On the
other hand, the troposphere everywhere radiates more energy than it absorbs.
To correct this imbalance, water vapour and sensible heat are transferred by
turbulence and convection from the surface into the atmosphere. The water
vapour releases latent heat when condensation occurs.
4.3

Atmospheric convection

For the surface and the atmosphere combined, the radiation balance is
positive between the parallels of 38 ° N and S and negative elsewhere (Figure
4.3). As low latitudes are not warming progressively, nor high latitudes
cooling, advection of heat must take place. This is accomplished by winds in
the atmosphere and currents in the oceans. In fact, redistribution of heat is
performed by the atmospheric and oceanic motion systems which form the subject
of this chapter. As a first step towards understanding these systems we
consider briefly the four principal kinds of convection which can be
distinguished in the essentially convective troposphere.
The atmospheric
general circulation can be regarded as the synthesis of these convective
motions.
4.3.1

�

' .. 50 �

Small-scale convection
-------- --

Small-scale convection provides the lower troposphere with energy,
partly as sensible heat and partly as the latent heat of evaporated water.
This kind of convection is vertical, or nearly so, and it is shallow,
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Figure 4.3 - Variation of radiation balance with latitude
typically only a kilometre or so deep. It occurs where instability exists in
the lowest few hundred metres of the troposphere and often manifests itself in
the form of Cumulus clouds.
4.3.2

-Cumulonimbus
-- - -- -convection
-----

Cumulonimbus convection is also upright, but it is much deeper than
small-scale convection. It is sufficiently deep for precipitation to be
produced and commonly extends to the tropopause. The widely held belief that
Cumulonimbus convection is no more than the ultimate expression of Cumulus
convection is an over-simplification, because not only instability but also
release of latent heat and evaporation of precipitation are essential for its
development and maintenance. It is, therefore, significantly different from
Cumulus convection.
In low latitudes, Cumulonimbus convection is the
principal means by which heat is distributed throughout the troposphere.
4.3.3

Large-scale convection

Large-scale convection provides a contrast, for it takes place along
sloping trajectories which extend for thousands of kilometres. Along these
trajectories, heat is conveyed not only upwards but also from low to high
latitudes in the synoptic-scale weather systems of middle latitudes. In this
kind of convection, air motions are nearly horizontal and, unlike those in
small-scale and Cumulonimbus convection, are significantly influenced by the
Coriolis force.
Large-scale convection is sometimes called "slantwise
convection".
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Intermediate-scale_convection

Intermediate-scale convection arises where the intensity of surface
heating varies spatially to such an extent that marked gradients of
temperature develop. Typically, such variations result from the different
thermal properties of land and sea or from temperature contrasts between
mountainsides and nearby valley floors. The most notable manifestations of
this kind of convection are monsoons, land and sea breezes, upslope (anabatic)
winds and downslope (katabatic) winds. The horizontal dimensions of systems
characte=istic of intermediate-scale convection range from a few kilometres to
many hundreds of kilometres.
4.4

Atmospheric circulations

4.4.1
Near the Equator, air rises to the upper troposphere (to altitudes of
12 to 15 km) inside Cwnulonimbus clouds (Figure 4.4). Over the rest of the
tropics and in the subtropics, air subsides throughout all but the lowest one
or two kilometres of the troposphere, where turbulence and small-scale
convection prevail. An inversion of temperature marks the boundary between
the subsiding air and the air containing the turbulence and convection. Trade
winds blow in the lower troposphere, from the north-east in the northern
hemisphere, south-east in the southern hemisphere. The trade winds of the two
hemispheres converge in a zone near the Equator called the Intertropical
Convergence Zone (ITCZ). Here, the Cwnulonimbus activity is concentrated and
winds tend to be light and variable. A belt (or trough) of low pressure
accompanies the ITCZ.
Otherwise, extensive areas of high pressure
(subtropical anticyclones) dominate the tropics and subtropics (Figure 4. 4).
Where these anticyclones prevail, the weather is predominantly dry.
In
contrast, the Cumulonimbus clouds of the ITCZ produce heavy falls of rain.
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Figure 4.4 - Schematic representation of the atmospheric general circula.tion,
in vertical section from polar regions to the Equator
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Middle_and high latitudes

In middle and high latitudes, weather is controlled by transitory
depressions and anticyclones throughout the year (Figure 4.5). These weather
systems are mobile and constantly changing.
Therefore,
considerable
day-to-day variations of wind direction may occur in any given locality.
Nevertheless, the winds are not without pattern: westerly winds prevail in
middle latitudes and easterlies in polar regions. As winds from a westerly
point occupy the equatorward flanks of depressions and easterlies the poleward
flanks, the prevailing winds are consistent with the tendency for depressions
to be deepest when their centres of low pressure lie between the parallels of
50 ° and 70 ° . The easterlies are also consistent with the existence of a
negative radiation balance in polar regions. Radiative cooling causes surface
air to contract, which in turn causes subsidence of air and an anticyclonic
tendency in the lower troposphere. Surface air currents flow away from the
poles and are deflected by the Coriolis force to become easterlies.

N

s
Figure 4.5 -

Typical distribution of pressure systems, winds
and fronts near an equinox

4.4.3
As noted in Chapter 3, climatic zones migrate. Each zone migrates
towards the. pole of the summer hemisphere, reaching a· point farthest from its
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mean position about two months after the summer solstice. Accordingly, there
are seasonal rhythms in global patterns of wind, pressure and precipitation.
These migratory movements are not steady; on the contrary, they tend to be
intermittent. When a particular type of weather develops over an area it
tends to persist for several days or a few weeks, until a different type
replaces it. Fluctuations of atmospheric state on shorter time scales also
occur, because weather systems are mobile and ever-changing. They develop to
maturity and subsequently decay, and during their life cycles they respond to
local influences such as the temperature of the underlying surface. Thus, in
any given locality, weather varies not only from season to season but also
from day to day and, especially over land, from one time of day to another.
Over the monsoonal regions of Africa, Asia, Indonesia, Australia, the
Indian Ocean and the South China Sea, impressive changes in atmospheric
behaviour occur at certain times of year. These changes are characteristic of
the onset and retreat phases of monsoons, and they involve comprehensive and
widespread reorganizations of atmospheric circulation patterns. There are
changes in patterns of vertical motion such that the droughts of winter are
replaced by rainy weather during summer, and there are associated reversals of
wind direction at all levels in the troposphere and lower stratosphere.
The
reorganizations are abrupt and cannot be accounted for simply in terms of
jerky meridional migrations of climatic zones. Monsoons are complex systems
which owe their existence to the collaboration of several meteorological
factors, among them the migratory behaviour of the ITCZ. Details are provided
later in this chapter.
4.5

Radiation patterns

4.5.1

Solar radiation
--------

Receipt of solar radiation is greatest in the arid regions of the
tropics and subtropics, where cloud amounts are small (Figure 4. 6). In the
middle and upper troposphere over such regions, there is widespread subsidence
of air. In the lower troposphere, the vigorous convection which develops by
day over the arid ground produces few, if any, cumuliform clouds. This is
partly because there is little surface moisture available for evaporation and
partly because the temperature inversion which marks the boundary between the
subsiding air and the convective layer beneath tends to prevent thermals from
ascending sufficiently high for condensation to take place. Insolation in
mid-summer on amounts to about 22 kcal cm- 2 month- 1
(355 W/m 2 ) in
Arizona, northern Mexico, south-west Asia, eastern and western Australia,
parts of southern Africa and much of North Africa (Figure 4.7). This is close
to the maximum possible for a dusty locality in the subtropics. In contrast,
insolation near the Equator and in most oceanic regions is considerably less
than the maximum possible for the latitudes concerned, owing to the presence
of clouds. Cumulus clouds are characteristic of trade-wind belts (Chapter 2),
Cumulonimbus activity accompanies the ITCZ (as noted earlier in this chapter),
and extensive cloud sheets are associated with monsoon circulations and
extra-tropical depressions.
On reaching a land or sea surface, solar radiation is either absorbed
or reflected, the degree of reflection depending primarily upon solar
elevation and the nature of the surface. For direct radiation falling upon a
smooth sea, albedo varies from about 3% when the Sun is vertically overhead to
almost 100% when it is close to the horizon. For diffuse radiation albedo is
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Figure 4.6 - AAnual receipt of solar radiation
horizontal surface at ground level

(kcal

cm- 2

year- 1)

on

a

typically 8 to 10%. Only about 0.02% of the solar radiation absorbed by the
sea is used by photosynthesis (Chapter 1); the remainder is used for heating
the upper ocean. The depth to which radiation penetrates water depends upon
wavelength and upon concentrations of silt, foam, bubbles and plankton
(Chapter 1). Very little of the solar radiation which falls upon the ocean
surface reaches a depth of 50 m. Because turbulence mixes the upper ocean,
however, heat is distributed more or less homogeneously through a layer about
100 m thick.
The solar energy which falls upon a land surface heats only the top
metre or so of the ground, whereas oceans are heated to a much greater depth.
This is so because the specific heats of sand, soil and rocks are considerably
less than the specific heat of water. Accordingly, land areas become warmer
than adjacent sea areas when irradiated with sunlight of sufficient
intensity.
They become cooler than the sea when insolation is weak or
absent.
Daily and seasonal ranges of surface temperature are therefore
greater on land than in the sea. Indeed, such is the thermal inertia of the
sea that daily ranges of temperature in the upper ocean are typically less
than 1° C. Ranges greater than 1 ° C tend to occur only in shallow waters close
to coasts.
4.5.2

Radiation balance

As noted in Chapter 3, the balance of radiant energy (RN} at a point
on the ocean surface is given by the formula
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Figure 4. 7 - Receipt of solar radiation on a horizontal surface at
level in June (kcal cm-z month- 1)
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ground

where A is the surface albedo, Rs the total amount of solar radiation
reaching the surface directly or indirectly, RE the amount of long-wave
radiation emitted from the surface, and Rs the amount of long-wave radiation
transmitted downwards from clouds and the atmosphere.
The largest annual radiation balance anywhere in the world, a net
income of more than 140 kcal cm- 2 yr- 1 (186 W/m 2), occurs over the
north-western part of the Arabian Sea, where there is a modest positive
balance in winter and an exceptionally large positive balance in summer
(Figure 4. 8).
From May to October persistent south-westerly monsoon winds
cause upwelling in the waters off the coasts of Arabia and Somalia.
The
waters are therefore comparatively cool during this period of the year (Figure
4. 9) and corresponding values of RE comparatively low.
Cloud amounts are
generally small over the north-western part of the Arabian Sea during summer,
so values of Rs also tend to be low and values of Rs close to the maximum
possible. Hence, values of RN tend to be high. Cloud amounts are small for
two reasons: the cool sea surface exerts a stabilizing influence on the lower
troposphere, and air originally lifted in Asian monsoon weather systems
subsides in the middle and upper troposphere over south-west Asia.
At any given latitude, annual values of RN are significantly lower
on land surfaces than on the ocean surface; this is also true of monthly
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Figure 4.8 - The annual radiation balance at ground level
(kcal cm- 2 year� 1)
values.
In part, the discrepancies result from the different albedos and
temperatures of land and sea surfaces, but they are also . caused by the
humidities and cloud amounts typically found over land differing markedly from
those typically found over the sea.
Values of RN exceed 100 kcal
cm- 2 yr- 1 (133 W/m 2 ) in most parts of the tropics and subtropics and are
almost as large off north-west Australia as off Arabia and Somalia.
4.6

The surface energy budget

Continuing our survey of the fundamentals of atmospheric and oceanic
systems, we now examine seasonal variations of RN, QE and QH at a number
of places on the ocean surface. Thus, we gain further insight into migratory
movements of climatic zones and other responses of the ocean-atmosphere system
to variations of solar radiation during the year.
The places chosen are
broadly representative of various oceanic climates.
4.6.1
First, we consider the variations of RN, QE and QH which occur
at 0 ° lat. 150 ° E, a spot on the Pacific Ocean north-east of New Guinea (Figure
4.10). At this place, where the ITCZ is the dominant climatic feature at most
times of year, RN and QE are comparable in magnitude and vary 1 ittle fram
season to season. Heat expenditure from evaporation amounts to between 5 and
8 kcal cm- 2 month- 1 (80 to 130 W/m 2 ), corresponding to an evaporation
rate of 2.7 to 4.4 mm/day.
Fluxes of sensible heat are always small
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Figure 4.9 - Sea-surface isotherms ( ° C) and the radiation balance of the
Arabian Sea (cal cm 2 day-l) in July 1963 and July 1964
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(typically 13 to 30 cal cm- 2 day- 1, i.e. 6 to 15 W/m 2 ) and are always
directed upwards from the ocean surface. For most of the year, differences
between RN and QE + QH are small, but from September to November the
swns of the residuals, Qs + Qo, are comparatively large. The surplus heat
is exported to other regions by means of oceanic motions. As mentioned in
Chapter 3, Qs and Qo denote, respectively, storage of heat in the ocean
and horizontal divergence of heat by ocean currents.
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Figure 4.10 - Monthly mean values of RN, QE and QH at 0 ° N 150 ° E

At 0 ° lat. 30 ° W, a spot on the Atlantic Ocean near St Paul, the cycles
of RN, QE and QH (Figure 4.11) resemble those at 0 ° lat. 150 ° E, except
that values of QE equal or exceed those of RN for a longer period of time
near New Guinea than near St Paul. As a result, the waters of the Pacific
Ocean north-east of New Guinea gain substantial amounts of heat only in
autumn, whereas the Atlantic Ocean near St Paul absorbs large quantities of
heat in both autumn and spring. Both places lie on the Equator and both are
influenced by the ITCZ, but the extent of the influence is not the same at the
two places. The ITCZ moves across the point on the Pacific Ocean twice a year
in the course of its migration between 13 ° S and 6 ° N (its mean positions at
150 ° E in January and July respectively). At 30 ° W, however, the ITCZ migrates
between 2 ° N (its mean position in January) and 10 ° N (its mean position in
July). Accordingly, the most active part of the ITCZ does not often reach the
Equator at 30 ° W. At both 0 ° lat. l50 ° E and 0 ° lat. 30 ° W, fluxes of latent
heat are greatest when south-easterly winds prevail. These winds originate in
the trade-wind belts to the south.
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Figure 4.11 - Monthly mean values of RN, QE and QH at 0 ° N 30 ° W
4.6.2

In a monsoonal_region

At 15 ° N 70 ° E, a point on the Arabian Sea 400 km off the coast of
India, the cycles of RN and QE are quite different from those at the
aforementioned places on the Equator (Figure 4.12). Here, in the heart of the
region dominated by the monsoon of southern Asia, values of RN and Q E vary
markedly during the year. As on the Equator, however, fluxes of sensible heat
are small throughout the year. Values of RN at 15 ° N 70 ° E rise from a
minimum in winter to a maximum in April or May, after which they decrease
sharply with the onset of the cloudy conditions which accompany the south-west
monsoon. When the monsoon retreats, the radiation balance recovers somewhat
before decreasing again to the winter minimum. Rates of evaporation are large
in winter (about 5 mm/day in January) because dry north-easterly trade winds
are present over the Arabian Sea. Rates are large in summer (about 6 mm/day
in July) because the south-westerly monsoon winds are strong (about 11 m/s at
15 ° N 70 ° E). In the transition seasons, when winds tend to be light and rather
variable, values of QE are comparatively low. Fluxes of sensible heat are
rather small at all times of year, because, in general, the surface of the sea
is only slightly warmer than the air above. Heat fluxes within the ocean are
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directed upwards during winter and summer, for during these seasons QE +
QH > RN. During spring and autumn, however, large quantities of heat are
accumulated by the ocean and exported to other oceanic regions by currents.
4.6.3

Next, we compare and contrast the annual cycles of RN, QE and QH
at Mo9amedes (15 ° 12'S 120 ° 9'E), a place on the west coast of Africa, with
those at 20 °S 10 °E, a spot on the ocean only 600 km to the south-south-west
(Figure 4.13). Although the two places are so close and their climates
similar, their energy budgets differ markedly. At both places the dominant
climatic factor is the subtropical anticyclone centred over the South Atlantic
Ocean. The Benguela Current is also important, for it cools the overlying air
and thereby acts as a stabilizing influence on the lower troposphere. Thus,
precipitation is scanty at both places. At Mo<;amedes the annual rainfall
amounts to only 49 mm, with all of this meagre total falling between late
October and late April. This is the period of the year when the subtropical
anticyclone declines somewhat and the ITCZ becomes active over the interior of
southern Africa. At both Mo9amedes and 20 ° S 10 ° E, variations in Rs broadly
correspond to changes in the altitude of the Sun, but values of RN are
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consistently lower at Mo9amedes than at the oceanic point. For the most part,
this occurs because the surface albedos of the two places differ significantly.
In view of the climate, it is not surprising that fluxes of latent
heat are small at Mo9amedes; there is little surface moisture available for
evaporation. Indeed, from early June to early November, the soil is dry, so
that fluxes of latent heat are negligible. Even in the wettest months,
February and March, fluxes reach only 0.8 kcal cm- 2 month- 1 (13 W/m 2 ).
In contrast, at 20 ° S 10 ° E, where surface moisture is plentiful and trade winds
prevail, fluxes of latent heat are considerable throughout the year. Values
of Q E range from about 6.3 kcal cm- 2 month- 1 (102· W/m 2 ) in April to
about 4.9 kcal cm- 2 month- 1 (79 W/m 2 ) in July and August. At Mo9amedes,
RN and QH are comparable in magnitude throughout the year.
At 20 ° S 10 ° E,
however, fluxes of sensible heat are always small. Moreover, the fluxes are
directed downwards in summer, when the Benguela Current is colder than the air
above. At this point on the ocean, RN exceeds the sum of Q E and QH for
most of the year, and it does so by a considerable amount from September to
March. Accordingly, the waters of the sea gain large quantities of heat
during the year.
At Mo9amedes RN and QE + QH approximately balance.
Thus, fluxes of heat into the ground tend to be rather small.
4.6.4

middle latitudes
-In--------

Finally, we consider variations of RN, Q E and QH at two places
in middle latitudes (Figure 4.14). At both places, 55 ° N 20 ° W and 45 ° N 160 ° E,
the surface of the ocean is comparatively warm. At 55 ° N 20 ° W, a point west of
Ireland, the Gulf Stream is the source of the warm water, and at 45 ° N 160 ° E, a
point east of Japan, the Kuroshio is the source. At both places, furthermore,
weather is dominated winter and summer by extra-tropical depressions and
anticyclones. However, the prevailing wind direction at 55 ° N 20 ° W is westerly
at all times of year, whereas at 45 ° N 160 ° E there is a marked seasonal shift
of wind, from north-westerly in winter to southerly in summer. At both places
the annual variation of RN is large, and at both places fluxes of latent
heat are large in winter and somewhat smaller in swnmer. The influence of the
wind shift is most clearly evident in the values of QH. West of Ireland,
fluxes of sensible heat are large in winter and small in summer, and they are
directed upwards at all times of year. East of Japan, fluxes of sensible heat
are also large and directed upwards in winter, because cold air of continental
origin is frequently advected across the warm sea, but they are directed
downwards in summer, when the air is usually warmer than the underlying sea
surface. At both places, there is oceanic convergence of heat in winter (when
RN < QE + QH) and divergence in summer (when RN > QE + QH).
4.7

The energetics of the ocean-atmosphere system

Quantification of the energy budget for Earth's surface and
identification of the principal spatial and temporal features of the budget's
components are essential preliminary steps towards complete understanding of
the ocean-atmosphere system and its subsystems. For further enlightenment, we
consider the radiation balance ( Rz) of a column extending from the top of
the atmosphere into the depths of the ocean, Rz being the difference between
short-wave radiation absorbed and net long-wave radiation emitted. Neglecting
quantitatively insignificant terms, such as heat storage in the atmosphere, we
can write:
Rz = L(E-P) + Qo + QA + Qs
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where P denotes precipitation and QA the horizontal divergence of heat and
potential energy in the atmosphere. When this equation applies to the annual
heat budget, Qs can also be neglected.
Evaluations of Rz {using data derived from satellite observations)
confirm that the annual balance of radiated heat for the ocean-atmosphere
system as a whole is positive between the parallels of 38 ° N and Sand negative
elsewhere. In fact, as shown in Figure 4.15, isopleths of annual mean values
of Rz = 0 generally lie near the parallels of 40 ° N and S, and these
isopleths tend to be distributed zonally. Where significant departures from a
zonal distribution occur they do so because values of · Rz are cornparati vely
low in desert regions of the tropics and subtropics. The greatest departure
results from values of Rz over the deserts of Arabia and North Africa being
about 20 kcal cm- 2 yr- 1 (26.5 W/m 2 ) lower than those observed elsewhere
in the same latitudes. Indeed, the annual radiation balance is negative over
most parts of these deserts.

Figure 4.15 - Annual mean values of R z = 0 (kcal cm- 2 year- 1).
For explanation, see text (section 4.7)
4.7.1
Precipitation is measured at thousands of land stations in all parts
of the world. Consequently, when annual mean values of Rz and E are known,
corresponding values of QA over land (where Qo = 0) can be obtained
readily.
Values of QA over the oceans ·::annot be obtained so readily,
however, because accurate measurements of precipitation cannot easily be made
from ships (Chapter 5), and techniques for estimating rainfall amounts from
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satellite observations of clouds have not yet been perfected.
Reliance
generally has to be placed upon extrapolated values of island and coastal
statistics. Such statistics may not be representative of adjacent oceanic
areas, and the extrapolation technique is of doubtful validity for estimating
precipitation amounts over oceanic areas far distant from the coasts and
islands where precipitation is measured.
There are various problems:
observers are not always trained and supervised, many precipitation records
are too brief for long-term averages to be established, and local orographic
effects may be considerable, even on low-lying coral islands.
The highest values of LP are found in equatorial regions (Figure
4.16), where rain falls copiously from the Cumulonimbus clouds of the ITCZ.
High values occur also in middle latitudes, where extra-tropical depressions
are responsible for the precipitation.
Values are comparatively low where
subtropical anticyclones prevail. Thus, they are low over deserts. They are
also low in regions of persistent upwelling, where the lowest layer of the
troposphere is stabilized through contact with the cool ocean surface.
Monsoonal influences are evident in the high values of LP which occur over the
Indian subcontinent and South-East Asia.

Figure 4.16 - Heat gain from condensation of water vapour (kcal cm- 2 year- 1)

4.7.2
Once Rz, L(E-P) and Qo are known, annual mean values of Q A over
the oceans can be calculated. Thereafter, when values of QA over land are
known, spatial variations of QA over the globe can be charted. Values of
QA are positive where there are atmospheric heat sources, negative where
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there are heat sinks.
By spatial integration of Qo and QA, oceanic
transports of heat and atmospheric fluxes of sensible heat and potential
energy across parallels of latitude can be estimated, and the relative
importance of the oceans and the atmosphere to the annual heat balance of the
globe can be assessed.
Because the values of Qo and QA are derived
residually, conclusions should not be drawn from them before their accuracy
has been verified. Fortunately, sufficient aerological data are available for
some parts of the world to permit evaluations of QA to be made directly from
observations of atmospheric variables. These indicate that residual values of
QA are reliable.
4.7.3
The equatorial zone C15 ° N to 15 ° S) contains the most intense energy
source in the ocean-atmosphere system (Figure 4.17). Indeed, this zone has
been called "the atmosphere's firebox". Most of the energy results from the
release of latent heat in the Cumulonimbus clouds of the ITCZ and not from the
positive radiation balance. The strength of the equatorial energy source is
greatest between the Equator and the parallel of 10 ° N and not at the Equator
itself. This is consistent with the observed mean position of the ITCZ, near
5 ° N.
4.7.4

Elsewhere in the tropics, and also in the subtropics, Rz is positive
and E greater than P. As shown in Figure 4.17, values of Rz and L(E-P) are
comparable, whilst Qo and QA are both small in magnitude. Values of Rz
and LCE-P) are lower between the parallels of 15 ° and 30 ° N than between 15 °
and 30 ° S, a consequence of the different geographical and climatic
characteristics of the two zones.
Three contrasts are particularly
significant: the northern zone contains more land which is arid or semi-arid
than the southern, trade winds tend to be stronger and more widespread in the
southern zone than in the northern, and monsoons occur mainly in the northern
hemisphere. Correspondingly:
values of Rz and L(E-P) are low in arid and
semi-arid regions, high in the trade-wind belts; and P exceeds E in most parts
of the monsoonal regions.
Within the trade-wind belts, where rates of
evaporation approach 5 mm/day, the atmosphere accumulates most of the latent
heat which is subsequently released in the equatorial zone (Chapter 3).
4.7.5

Middle_and high latitudes

In latitudes 35 ° to 45 ° N and 35 ° to 45 ° S, where the subtropical ridges
of high pressure lie, values of Rz, L(E-P), Qo and QA are small (Figure
4.17). Correspondingly, meridional fluxes of energy in these regions are
large. The primary energy sinks of the ocean-atmosphere system are located in
the Arctic and Antarctic, and everywhere poleward of the subtropical ridges of
high pressure values of Rz, L(E-P), Qo and QA are negative.
In middle
and high latitudes, the atmosphere and the oceans import large quantities of
heat by means of advection, and latent heat is released to the atmosphere in
precipitation systems. The imported energy is concentrated and released in
complex ways. In particular, it is concentrated in transitory wind systems
which not only drive currents in the sea and jet streams in the upper
troposphere but also adjust their own energy budgets by interacting with the
energy-producing circulations of low latitudes.
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4.8

Tropical circulations

4.8.1

Having gained some insight into the energetics of the ocean-atmosphere
system, we now proceed to investigate weather systems in the tropics. The
basic pattern of flow in low latitudes is lmown as the Hadley Cell of the
atmospheric general circulation. As mentioned earlier in this chapter (Figure
4.4), the pattern is as follows: trade winds blow in the lower troposphere,
from the north-east in the northern hemisphere, south-east in the southern;
they converge near the Equator, where air ascends to the upper troposphere
inside the Cumulonimbus clouds of the ITCZ; and over the rest of the tropics
and also in the subtropics, air subsides throughout all but the lowest 1 or
2 km of the troposphere, where turbulence and small-scale convection prevail.
Essentially, each hemisphere contains a circulation which depends upon a
source of heat near the Equator and a sink in the subtropics. Air flows from
source region to sink region in the upper troposphere and from sink region to
source region in the lower troposphere. The circulation is completed by
upward and downward motions in the source and sink regions respectively. In
short, a heat engine drives the tropical cell of the atmospheric general
circulation.
Thermodynamically, this engine is complex. For example, as noted
earlier in this chapter and in Chapter 3, latent heat is accumulated in the
lower troposphere. Water vapour is lifted from the surface of the sea and
stirred upwards by turbulence and convection.
It is lifted through a
well-mixed layer several hundred metres thick to the level at which
condensation of the vapour occurs. Thereafter, it is pumped aloft in
trade-wind Cumulus clouds.
The inversion which marks the base of the
subsiding air in the tropics and subtropics serves as the limit of ascent in
these clouds. The altitude of the inversion, which is effectively the depth
of the.moistened air, gradually increases downwind.
4.8.2

-Hot- -towers
- -

As already mentioned, condensation of water vapour accumulated in the
trades takes place inside Cumulonimbus clouds in the equatorial zone. These
clouds, known as "hot towers", can be likened to the combustion cylinders of
heat engines. They contain central cores, 3 to 5 km in diameter, within which
latent heat is released CL = 2.5 x 10 6 J/kg) and through which air ascends
to the tropopause (the limit of buoyancy). Updraught speeds in the clouds
typically reach 10 to 15 m/s, and air ascends virtually unmixed to an altitude
of 12 to 16 km. Each tower pumps 2 to 4 x 10 1 2 watts upwards through the
middle of the troposphere, and during the lifetime of each cloud (roughly half
an hour) the amount of latent heat which is released generally exceeds 10 1 5
joules. In comparison, the solar energy received by Earth each day amounts to
15.5 x 10 21 joules. The number of hot towers active around the globe at any
given moment is probably between 1 500 and 3 000.
4.8.3

Cloud
- -clusters
- - -

Hot towers are neither uniformly distributed nor randomly scattered.
Instead, they are concentrated in 30 to 40 organized cloud clusters, each
several hundred to 1 000 km or more in diameter. These clusters, which exist
for a few days, are subsystems of synoptic-scale weather systems (studied
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later in this chapter). Each cloud cluster contains mesoscale elements which,
in turn, contain individual Cumulonimbus clouds (Figure 4.18). Each mesoscale
cell is typically 100 km or so in diameter and persists for a day or two; each
Cumulonimbus cloud is typically 10 km or so in diameter and persists, as
already mentioned, for approximately half an hour. On satellite images,
mesoscale cells and individual Cumulonimbus clouds cannot be distinguished, as
they are obscured by the extensive canopies of Cirrus cloud which are formed
by the spreading of Cumulonimbus anvils.
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4.8.4
Without the concept of giant Cumulonimbus chimneys in the weather
systems of low latitudes a problem over the maintenance of energy balance in
the equatorial zone cannot be solved. The essence of the problem is that
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static thermodynamic energy (Q) decreases up to a height of about 650 hPa and
increases above that level (Figure 4 .19) •
The energy is defined by the
expression
Q = gz +

CpT

+ Lq

where, as before, g denotes acceleration due to gravity, z height above sea
level, Cp specific heat of air at constant pressure, L latent heat of
condensation and q specific humidity. In the trade-wind belts, as shown in
Figure 4.19, Q decreases up to about 750 hPa and increases above that level.
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In both the equatorial zone and the trades, the decrease of Q with
height in the lower troposphere can easily be explained in terms of
turbulence, convection and entrainment. Moreover, in the trade-wind belts,
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where air subsides in the middle and upper troposphere, the increase of Q
above about 700 hPa can also be explained easily, because advection of heat
and compressional warming are sufficient to offset radiative and other energy
losses. However, the upper-tropospheric increase of Q with height in the
equatorial zone cannot be explained so readily. Indeed, the operation of a
circulation of the Hadley type in the tropics implies a cooling rate of about
2° C per day in the equatorial upper troposphere.
Diffusion is insufficient to bring about the required upward transport
of energy. Nor does the widely held belief, that ascent of air from the lower
to the upper troposphere is widespread in the synoptic-scale weather systems
of the ITCZ but nowhere else in the equatorial zone, provide a simple solution
to the problem of how energy reaches the upper troposphere. Vertical profiles
of Qare the same everywhere in the equatorial zone. The obvious solution to
the problem is that energy must be pumped to the upper troposphere inside the
giant Cumulonimbus clouds which are such characteristic elements of tropical
rain systems.
There is still a defect, however, for even if all the
upcurrents in the clouds start with the properties of the surface air, the
energy budget of the upper troposphere still cannot be balanced. The upward
mass-flux which is required is greater than the net inflow of mass into the
equatorial zone from the trade-wind belts.
The defect can be remedied easily, however: vertical recycling of air
occurs in the cloud systems of the ITCZ.
As noted in Chapter 2, the
convective downdraughts of Cumulonimbus clouds spread out to form shallow
layers of cool air when they reach land or sea surfaces, and these layers are
heated from below, soon becoming indistinguishable from the surface layers
previously present. The air which descends in downdraughts thus achieves the
state necessary for re-ascent in Cumulonimbus chimneys and thereupon
supplements air supplied directly from trade-wind belts.
In a study of Cumulonimbus activity in the equatorial zone over the
Pacific Ocean near Palmyra, Fanning and Christmas Islands (approximately
160 ° W) during February, March and April 1967, evidence was found that cool
downdraughts suppress Cumulus development over the sea for a period of 6 to 12
hours - the length of time required for downdraught air to be warmed from
about 22 ° C (its temperature when it reaches the surface) to between 26 ° and
29 ° C (which is characteristic of air entering Cumulonimbus chimneys). When
downdraught air reaches the surface of the sea, therefore, it is too cold to
help maintain tropical weather systems; indeed, it inhibits convection
wherever it spreads. This is true also of downdraught air which spreads over
land surfaces.
It follows that the recycled air of downdraughts enters
Cumulonimbus chimneys some distance away from the locality (or localities)
where it previously descended.
The ITCZ (over land or sea) evidently contains weather systems which
are composed essentially of interrelated Cumulonimbus elements. Within these
systems, developing, mature and decaying Cumulonimbus clouds coexist.
The
systems regulate their own behaviour by means of internal feedback mechanisms
and they act as subsystems of the ITCZ, which is itself a subsystem of the
tropical component of the atmospheric general circulation.
4.8.5
When air leaves the ocean surface or a moist land surface to enter a
Cumulonimbus chimney in the ITCZ, its temperature is typically in the range
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26 ° to 29 ° C and its relative humidity about 80%. Thus, its characteristic
values of specific humidity (q), static thermodynamic energy (Q) and wet-bulb
potential temperature C9w) are, respectively, 17 to 21 g/kg, 82 to 85
Both Q and 9w are conserved during
cal/g and 23 ° to 26 ° C (Figure 4.20).
ascent. Accordingly, when air emerges from a chimney, usually at a height of
12 to 16 km (200 to 100 hPa), it does so with a temperature in the range -40 °
to -80 ° C, a potential temperature (9) between 73 ° and 88 ° C and . a specific
humidity of less than 1 g/kg (Figure 4.20).
Air which ascends in deep convective systems subsequently descends.
Upward motions tend to be rapid and spatially concentrated, whereas subsidence
is generally slow and widespread. Ascent of air from the lower to the upper
troposphere takes about half an hour in the Cumulonimbus chimneys of the ITCZ,
but return to the lower troposphere may take three weeks or more. Rapid
descent of air occurs only where special meteorological circumstances
operate. For example, the cool downdraughts of Cumulonimbus clouds can be
sustained by the chilling of air which occurs when rain evaporates.
Subsiding air is warmed by adiabatic compression, at the rate of
9.8 ° C/km. It is also cooled between 1 ° and 2 ° C/day, because of radiative heat
loss, the · precise rate depending upon altitude and latitude. Let us suppose
that air sinks through a depth of 11 km and takes 20 days to do so. Let us
also suppose that the average cooling rate is 1.5 ° C/day. As the descending
air is warmed by 108 ° C and cooled by 30 ° C, the actual increase of temperature
is 78 ° C. Now let us suppose that air emerges Cdetrains) from a Cumulonimbus
chimney at a height of 13 km above sea level (170 hPa) and sinks to a height
of 2 km above sea level (800 hPa). If the air's temperature is -60 ° C when it
emerges from the chimney, and if the air warms by 78 ° C during the descent, a
temperature of +18 ° C can be expected at an altitude of 2 km. Observations
show that temperatures close to this value are indeed common at 800 hPa in
subtropical anticyclones.
Let us further suppose that the air is saturated with respect to water
when it emerges from the chimney. As its temperature is then -60 ° C, its
specific humidity is close to 0.04 g/kg (Figure 4.20). Then, because q is
conserved during descent, a dew-point temperature (Td) of -48 ° C can be
expected at 800 hPa. Herein lies a difficulty, however, because at 800 hPa in
subtropical anticyclones values of Td are typically between -10 ° and 0 ° C and
corresponding values of q between 2 and 5 g/kg. If, instead, we take an
extreme example and suppose that saturated air detrains at 250 hPa with a
temperature of -32 ° C, so that q = 1.0 g/kg, we find that T d = -20 ° C at
800 hPa. Again, concentrations of water vapour at 800 hPa are much greater
than expected.
4.8.6
Because the amounts of water vapour typically present at 800 hPa are
so great, it is reasonable to suspect that supplementary moisture may be
derived from the lower troposphere. However, as already noted, an inversion
of temperature marks the boundary between the subsiding air and the
well-stirred layer of turbulence and small-scale convection beneath.
The
principal characteristic of a temperature inversion is its marked stabi 1 i ty,
which renders it a formidable obstacle to vertical motions of the atmosphere.
Significant upward leakages of moisture through inversions therefore seem
unlikely.
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Nevertheless, inversions are not impenetrable.
Static stability is
only one of the factors which control small-scale convection.
The most
effective of the other factors are:
horizontal convergence of mass,
variations of wind speed with height, depth and structure of the sub-cloud
layer, orographic influences, and differing soil characteristics. Where there
is a favourable combination of circumstances, some convective elements
penetrate well into the subsiding air.
Thus, clouds may form over elevated
terrain in arid regions where clouds are otherwise absent, and some trade-wind
Cumulus clouds become sufficiently vigorous to extend a few hundred metres
above an inversion which generally limits their vertical growth.
The obvious inference is that penetrative convective elements supply
much of the moisture which is present immediately above the inversion in a
subtropical anticyclone.
Observations seem to be inconsistent with this
explanation, however, because amounts of moisture are higher than expected at
altitudes well above those normally reached by the tallest Cumulus clouds in
such anticyclones. Even at 500 hPa, values of q are typically at least an
order of magnitude greater than O. 04 g/kg.
However, detailed analyses of
mass, energy and moisture budgets tend to confirm that the bulk of the
moisture in the subsiding air immediately above the inversion in a subtropical
anticyclone is indeed derived from the lower troposphere, as a result of
scattered convective elements penetrating the subsiding air. In other words,
the clouds which thrust through the inversion all serve to inject moisture
into the subsiding air.
To understand how moisture reaches the 500 hPa level and above, it is
necessary to appreciate that irregular temporal and spatial variations of flow
are present in subsiding air.
These are essentially turbulent motions,
generated by atmospheric disturbances of various kinds. They are, however,
much less chaotic and vigorous than the turbulent motions which are so
characteristic of the lower troposphere.
Indeed, the term "slow turbulence"
is often used to describe them. This slow turbulence mixes moisture laterally
and upwards, assisted (to a small extent) by molecular diffusion.
4.8.7
Finally in this introduction to the Hadley Cell of the atmospheric
general circulation, we consider temperature and moisture profiles in the
well-stirred layers of turbulence and small-scale convection which lie beneath
the inversions of subtropical anticyclones. In these layers, as a result of
the stirring, potential temperature and specific humidity are both, for all
practical purposes, constant with height, except in the lowermost 100 m or so,
where gradients of 9 and q are generally steep (Figure 4. 21). The steepest
gradients of 9 occur over arid ground, where super-adiabatic layers develop
by day and surface inversions form at night. The steepest gradients of q are
typically found over moist surfaces.
In any given mass of air, clouds exist above the level at which the
lines of constant 9 and constant q intersect (the condensation level), and
inside each cloud, 9w is constant with height. Where the mixed air is so
dry that the lines do not intersect below the inversion level, clouds do not
form. Accordingly, clouds are generally absent from the lower troposphere in
arid regions. In such regions, the deep dry-adiabatic layers which develop by
day contain vigorous convection, but clouds tend to form only over elevated
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terrain, where, in sunshine, near-surface values of 9 become considerably
higher than over nearby low ground. Over tropical oceans, where surface air
is always moist, trade-wind Cumulus clouds are present day and night.
Let us consider vertical profiles of T and q in the lower troposphere
at a place where trade winds prevail, and let us suppose that the surface
pressure at this place is 1 015 hPa. Let us also suppose that the temperature
of the air near the surface of the sea is 26° C and the specific humidity
slightly less than 16 g/kg in the layer where q is constant with height. As
inspection of a tephigram or similar aerological diagram shows (Figure 4.22),
condensation occurs about 600 m above the surface of the sea Cat 945 hPa), and
T = 20°C at this altitude. In the saturated updraughts of the Cwnulus clouds
which extend upwards from the condensation level, 9w = 22° C. Accordingly,
if the limit of buoyancy is reached at 825 hPa, the temperature of the air
emerging from the tops of the Cumulus clouds is 15 ° C. Therefore, if the air
temperature at 800 hPa is 18° C (the value calculated earlier), the detraining
air is 3 ° C cooler than the air at 800 hPa. In other words, an inversion of
temperature exists.
4.8.8

Trade-wind inversions

The data used in the foregoing calculations have been chosen purely
for illustrative purposes.
They are certainly not averages. Temperature
inversions in subtropical anticyclones vary considerably. Over the oceans,
the inversion height increases from about 500 m in eastern parts of
subtropical anticyclones to more than 2 000 m in western parts. The strength
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of the trade-wind inversion also varies, the temperature difference between
the inversion's base and top occasionally being more than 10 ° C but often less
than 1 °C. Furthermore, the depth of the inversion layer varies too, from a
few metres to more than 1 000 m. Profiles of temperature and humidity below
trade-wind inversions also differ from place to place.
It is further
noteworthy that inversions of temperature are not always overlain by air which
has subsided from aloft. Where an inversion exists downwind of a hot and arid
plateau, it may be overlain by a plwne of warm and dusty air advected from the
dry-adiabatic layer over the plateau. Such is the case over parts of the
Arabian Sea during summer.
4.9

Tropical weather systems

4.9.1

The ITCZ

Now we focus upon synoptic-scale weather systems in the tropics,
beginning with those which are associated with the ITCZ. As satellite images
show, this convergence zone is not, as is implied in many textbooks, a
continuous, uniformly rainy feature encircling the globe.
Even where
Cumulonimbus activity is greatest, cloud and rain are generally associated
with disturbances no more than 2 000 km or so in diameter, with dry areas
between. Indeed, the ITCZ often exists only in the form of a series of
disconnected and widely separated cloud clusters (Figure 4. 18). Sometimes
there is virtually no Cumulonimbus activity at all for several tens of degrees
of longitude. Nevertheless, the position of the ITCZ is usually evident in
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wind and humidity patterns. Cumulonimbus activity tends to be most vigorous
over Indonesia, central Africa and central South America, least over East
Africa and eastern parts of the South Atlantic and South Pacific Oceans. In
both position and intensity, the ITCZ varies considerably from day to day.
Moreover, as already noted in this chapter, seasonal migrations of the ITCZ
also take place.
4.9.2

For the most part, weather disturbances in the equatorial zone are
evident simply as· areas of cloud and heavy rain, with winds tending to be
gusty but otherwise no stronger than light or moderate. However, some of
these disturbances develop, becoming well-marked troughs of low pressure known
as easterly waves. Their wavelength is typically between 2 000 and 4 000 km,
their life cycle of growth to maturity and decay takes a week or two, and they
travel westwards 6 ° to 7 ° of longitude per day. Behind the trough-line of an
easterly wave there is low-level convergence, and ahead of it there is
divergence. Cumulonimbus activity therefore tends to occur behind the trough
line, whilst ahead of it the weather is generally fine, though with scattered
Cumulus clouds (Figure 4.23). An easterly wave is so called partly because it
moves from east to west and partly because it possesses a wave-like distortion
in its low-level wind field. If there is a closed cyclonic circulation in an
easterly wave, it is found near the 600 hPa level.
4.9.3

Some equatorial disturbances which become easterly waves develop
further, becoming organized weather systems known as tropical depressions.
These depressions typically produce heavy rain, with falls of more than 75 mm
being quite common, particularly in areas of orographic influence. Tropical
depressions are unlike extra-tropical depressions. Indeed, the only close
similarity is that both are cyclonic weather systems. Tropical depressions do
not contain fronts, and their cloud and precipitation patterns are roughly
symmetrical about their centres of low pressure. By definition, a tropical
depression possesses a closed cyclonic circulation in its low-level wind
field, and mean wind speeds in this circulation do not reach gale force (i.e.
they do not exceed 16 m/s). Some tropical depressions intensify into tropical
storms, and a few ultimately become tropical cyclones (or, as many mariners
call them, tropical revolving storms). By definition, a moderate tropical
storm contains winds of Beaufort forces 8 and 9 (17 to 23 m/s), a severe
tropical storm contains winds of forces 10 and 11 (24 to 32 m/s), and a
tropical cyclone contains winds of force 12 (33 m/s or more). These are mean
wind speeds, not gust speeds.
4.10

Tropical cyclones

Tropical cyclones are the most energetic and destructive of all
weather systems.
Torrential rain falls from their towering Cumulonimbus
clouds and winds commonly exceed 50 m/s.
The detrimental effects are
manifold: severe wind and wave conditions jeopardize the safety of mariners,
hurricane-£ orce winds and associated surges of the sea wreak havoc among
coastal communities, downpours of rain cause serious flooding,
power and
water supplies are disrupted, buildings are damaged, crops are destroyed,
people and livestock are drowned, bridges collapse, roads and railways are
W1dermined or blocked by debris, harbour installations are wrecked, ships
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capsize or founder, offshore oil and gas platforms break free from their
moorings, and beaches are scoured. Tropical cyclones nearly always leave
behind a trail of destruction and misery.
Their effects are often
catastrophic.
Death tolls are sometimes enormous, especially in heavily
populated and ill-prepared underdeveloped countries. Thousands of people may
die in a single storm.
As many as 300 000 perished when the surge of water
raised by a cyclone over the Bay of Bengal swept across the Ganges Delta on
12 November 1970.
In developed countries, on the other hand, where
storm-warning sytems are sophisticated and evacuation procedures clearly
defined, comparatively few lives are lost, but economic losses tend to be much
greater than in underdeveloped countries.
As tropical cyclones are so violent, and as they are capable of
causing so much destruction and human suffering, it is easy to overstate their
importrance. They are certainly significant components of the climate in the
regions where they occur (Figure 4.24), and the inhabitants of these regions
must certainly be thoroughly prepared for them. Nevertheless, cyclones do not
form at all times of year (Figure 4.25), and even during the period of a few
months when they do occur they are infrequent. Moreover, some storms never
reach land. In any particular locality, the occurrence of a cyclone is a rare
event. Even along the coastlines most at risk, cyclones do not normally
strike the same place more than once every five or six years. Ill-fated
indeed is the community which experiences a major cyclone disaster more than
once in 20 years. Very few of the 50 to 100 cyclones which develop over the
tropical oceans each year cause sufficient distress to be deemed worthy of
front-page headlines int the world's newspapers. Furthermore, large tracts of
the tropics ar free of the storms altogether.
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At this point we pause briefly to note that tropical cylones are known
by different names in different parts of the world: over the North Atlantic
Ocean and the eastern part of the North Pacific Ocean, they are commonly
called hurricanes; over the China Seas and the western part of the North
Pacific Ocean, they are usually known as typhoons; over the Arabian Sea, Bay
of Bengal and South Indian Ocean, they are called cyclones; and over the
western part of the South Pacific Ocean, they are sometimes called hurricanes,
other times cyclones. The best known of the many local names are baguio,
which is used of storms near the Philippines, and cordonazo, which is used of
storms off the west coast of Central America. It is stated in some books that
a willy-willy is a tropical cyclone over north-west Australia. This is not
correct; a willy-willy is a dust storm over north-west Australia.
Although it has long been known that tropical cyclones develop only
over the oceans, the precise circumstances which determine whether or not an
equatorial disturbance intensifies to become a tropical cyclone are still not
fully known. However, two important prerequisites for development have been
recognized. The Coriolis force must be sufficient, and the temperature of the
surface of the sea must exceed 26.5 ° C. Accordingly, tropical cyclones do not
develop within about five degrees of the Equator, and they never occur over
the South Atlantic Ocean and the eastern part of the South Pacific Ocean (east
of 140 ° W), where the surface waters of the sea are always too cool. They
occur in the topics and subtropics over all other oceans.
The main source of energy in a tropical cyclone is the latent heat
yielded by the condensation of water vapour lifted from close to the ocean
surface. The warmer the air, the more water vapour it can hold and,
therefore, the greater the amount of heat released when condensation takes
place. Thus, cyclone activity tends to be greatest over western parts of
oceans in late summer and early autumn (Figures 4.24 and 4.25), for it is in
these areas and at this time of year that the surface waters of the sea are
warmest. Over the Arabian Sea and Bay of Bengal, however, cyclone activity is
greatest in the five or six weeks preceding the onset of monsoon rains in
western India and in the two months or so following their retreat (Figure
4. 26). In other words, activity is greatest in May and early June and in
October and November. This inconsistency does not appear to be related to the
temperature of the sea surface, because extensive areas of the Arabian Sea and
Bay of Bengal are warm enough for the development of cyclones throughout the
rainy period in western India. Rather, cyclone development is probably
inhibited by the persistently strong vertical wind shear which exists over
southern Asia and adjacent oceans whilst the south-west monsoon is active.
4.10.4 Seasons and frequencies
Tropical cyclones occur more frequently over the western part of the
North Pacific Ocean (including the China Seas) than anywhere else, the average
number of typhoons per year being 18. The average number of tropical storms
which form over this region each year but do not reach cyclone intensity is
nine. Typhoons can occur at any time during the period June to December but
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Figure 4.26 - The average number of tropical storms and
-severe tropical storms per month over the North
Indian Ocean
are most likely to do so in August, September and October. Most typhoons
originate in the area bounded by the parallels of 5 ° and 20 ° N and the
meridians of 125 ° and 170 ° E, with the most productive part of this area near
the Caroline Islands (5 ° to 10 ° N, 140 ° to 160 ° E). Indeed, vigorous convection
over these and other islands, as a result of solar heating, is probably an
important factor in the initiation of disturbances which eventually develop
into storms and typhoons.
Over the North Atlantic Ocean, and also over the eastern part of the
North Pacific Ocean, tropical cyclones can likewise occur at any time during
the period June to December and are most likely to do so in August, September
and October. In both regions, the average number of hurricanes per year is
six, but in both regions, as in the other regions which experience tropical
cyclones, the actual number varies greatly from year to year. In some years
there have been no Atlantic hurricanes at all.
The average numbers of
tropical storms which form each year over the North Atlantic Ocean and the
eastern part of the North Pacific Ocean but do not reach cyclone intensity
are, respectively, three and seven.
Most hurricanes over the eastern North
Pacific Ocean form over the sea immediately to the west of Central America.
Some, however, cross Central America from the Caribbean. Atlantic hurricanes
generally develop from easterly waves which originate over western North
Africa or even farther east.
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The average nwnber of tropical storms per year over the western part
of the South Pacific Ocean is ten, though of these only four reach cyclone
intensity. Storms can occur at any time during the period December to April
but are most likely to do so in the period mid-January to mid-March. Most
storms originate in the area bounded by the parallels of 5 ° and 20 ° S and the
meridians of 150 ° E and 180° .
Two regions of cyclone activity can be distinguished over the South
Indian Ocean:
one off Australia, the other over the western part of the
ocean. In both regions, the cyclone season extends from November to April,
with the peak frequency in January and February. In both regions, the average
number of tropical storms per season is about ten, of which about half reach
cyclone intensity. Almost all of the storms which occur over the eastern part
of the South Indian Ocean originate over the Timer Sea, Arafura Sea or Gulf of
Carpentaria. Most of the storms which occur over the western part of the
South Indian Ocean originate in the area bounded by the parallels of 5 ° and
15 ° S and the meridians of 60 ° and 100 ° E.
Tropical cyclones are infrequent over the Arabian Sea and are seldom
as intense as typhoons and Atlantic hurricanes. The average number of
tropical storms per year is only 1.5, and of these only about one-third reach
cyclone intensity. Some of the storms which occur over the Arabian Sea form
near the Lakshadweep and Maldive Islands, but many originate over the Bay of
Bengal. The average number of tropical storms per year over the bay is about
five, and of these the proportion reaching cyclone intensity is also about
one-third. Most storms originate over the bay itself. In May and early June,
and from September to December, storms tend to be born near the Nicobar and
Andaman Islands, between the parallels of 6 ° and 12 ° N. From mid-June to
mid-September, however, when the south-west monsoon is active over western
India, storms tend to be born north of the Andaman Islands, between the
parallels of 15 ° and 18 ° N. Hardly any of the storms originating north of the
Andaman Islands develop into cyclones, because they reach land before
A few weather disturbances which were once
intensifying sufficiently.
typhoons reach the Bay of Bengal from the South China Sea. They enter the bay
as tropical storms or tropical depressions and then reintensify. This is most
likely to happen in September and October.
4.10.5

Tracks

The tracks of tropical cyclones are broadly curvilinear.
About
two-thirds of all cyclones travel in parabolic arcs around subtropical
anticyclones and enter middle latitudes (Figure 4.24). The remainder do not
recurve but continue moving westwards. Cyclones move very slowly at first,
when they are diffuse areas of low pressure (weak tropical depressions) , but
they accelerate as they intensify and become progressively more compact. When
mature, their mean speed of travel is typically 6 to 8 m/s and their diameter
typically 600 to 800 km. Their movements are often erratic, both in speed and
direction (Figure 4.27). This is so because cyclones respond not only to
atmospheric steering currents but also to the complex fields of sea-surface
temperature which are associated with mesoscale motion systems in the surface
waters of the sea. These systems are discussed later in this chapter. The
majority of the tropical cyclones which reach middle latitudes do not survive
for long, because the surface of the sea there is too cool to sustain them.
However, some develop fronts and become practically indistinguishable from the
depressions of middle latitudes. All tropical cyclones dissipate rapidly over
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land, where they are starved of moisture. The lifetime of a tropical cyclone
is typically a fortnight or so.
Mean wind speeds of 33 m/s or more are
usually sustained for only two or three days (four or five days over western
parts of the Pacific Ocean); mean wind speeds of 17 to 32 m/s tend to be
sustained for an additional four or five days.

Figure 4.27 - Some of the many irregular paths taken by hurricanes of the
North Atlantic Ocean
4.10.6

Wind_and_cloud_patterns

In the central part of a tropical cyclone (the eye), where barometric
pressure is lowest, winds are light and variable, cloud amounts are small and
visibility is moderate or good. Seas are rough and confused, however, because
large waves whipped up by hurricane-force winds only a few tens of kilometres
away converge upon the eye and become superimposed. Surrounding the eye,
which is generally 30 to 50 km in diameter and within which air subsides at
all levels above about 900 hPa, there is a wall of cloud somewhat reminiscent
of an amphitheatre (Figure 4.28). This feature, known as the eye wall, is
composed of massed Cumulonimbus clouds which rise to an altitude of about
12 km (200 hPa). Beneath these clouds, near the surface of the sea, winds of
hurricane force are found.
Elsewhere in tropical cyclones, Cumulus and
Cumulonimbus clouds tend to be arranged in spiral bands which converge towards
the eye wall. Tropical cyclones are driven by the release of latent heat in
Cumulonimbus chimneys, and within a cyclone there are typically 100 to 200
such chimneys (known as hot towers, as noted earlier).
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Figure 4. 28 - Cross-sections
through
tropical
cyclones ,,
showing characteristic cloud distributions and
the wind speeds typically found near sea level

Endeavours to control tropical cyclones by seeding clouds of the eye
wall with crystals of silver iodide are expensive and logistically difficult.
Nevertheless, they have undoubtedly succeeded to some extent, in that wind
speeds have certainly been reduced. Unfortunately, however, understanding of
the tropical atmosphere is as yet far from perfect. Even when circumstances
are entirely natural, the movements of tropical cyclones tend to be capricious
and difficult to predict. The movements of cyclones which have been seeded
are especially difficult to predict, and meteorologists cannot be sure that a
cyclone which crosses land would have remained over the sea (and therefore
comparatively harmless) had there been no attempt to control it.
When a
cyclone which has been seeded causes death and destruction the question of
legal liability arises.

Near the centre of a tropical storm or cyclone there is upwelling in
the upper ocean, because wind stress causes divergence of surface water.
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Accordingly, the surface of the sea is anomalously cool along the track of a
storm or cyclone. For example, in the case of an intense hurricane which was
investigated in the 1960s, water welled up from a depth of about 60 m within a
radius of about 60 km of the centre of the eye. The corresponding decrease of
sea-surface temperature was more than 5 ° C. Convergence of water occurred
beyond a radius of about 100 km of the eye 0 s centre and the associated
downwelling extended to a depth of 80 to 100 m. Between the regions of
upwelling and downwelling there was a region within which surface water
transported outwards from the eye was cooled through mixing with subsurface
water. Anomalies of sea-surface temperature produced by tropical storms and
cyclones can persist for a few weeks, and since such weather ·systems depend
upon a supply of heat from the sea the movement and intensity of subsequent
storms and cyclones may be influenced by the cool water.

As we see in Chapter 7, mariners· are warned of tropical storms and
cyclones by means of radio. However, these weather systems do not always
behave as forecast, and mariners navigating in appropriate regions at
appropriate times of year should bear in mind various signs which indicate
their proximity. The earliest indication is usually the appearance of swell
from an unusual direction. Exceptionally good visibility, together with an
oppressive atmosphere, should also be considered a warning sign. So, too,
should the appearance of unusually large amounts of Cirrus cloud and the lurid
sunrises and sunsets associated with them. The Cirrus cloud is often in the
form of convergent bands pointing towards the centre of the storm or cyclone.
Any appreciable change in wind speed and direction should also be regarded
with suspicion, as should an unusually large fall of atmospheric pressure. If
the pressure reading is more than 3 hPa below that expected for the locality
(after correction for diurnal variation and other possible sources of error,
discussed in Chapter 5), the mariner should be vigilant. If the corrected
reading is more than 5 hPa below normal, the centre of a storm or cyclone is
probably within 300 km.
4.10.10 Avoiding_the_worst of a storm
Finally in this section on tropical cyclones, we focus upon the action
to be taken by a mariner whose vessel is within the circulation of a cyclone
on the open ocean. The all-important objective is to avoid passing within
about 100 km of the cyclone's centre, thereby avoiding the strongest �inds,
largest waves, heaviest rainfall and worst visibility. The part of a cyclone
mariners dread most of all is the dangerous quadrant (Figure 4. 29), because
the winds within it tend to drive vessels towards the path of the storm. As
shown in Figure 4.30, power-driven vessels in the dangerous quadrant should if
possible proceed with the wind ahead or close to the bow (starboard bow in the
northern hemisphere, port bow in the southern); low-powered vessels and
vessels under sail should heave to (with the wind on the starboard bow in the
northern hemisphere, port bow in the southern). Vessels in the rear quadrant
of the dangerous semicircle should heave to for a while, with head into wind
or the wind on an appropriate bow. Vessels in the path of a storm or in the
navigable semicircle should run with the wind on the appropriate quarter.
Riding out a cyclone at sea is usually preferable to remaining in harbour,
unless the harbour is sufficiently sheltered. Even then, anchoring is unwise.
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in the northern and southern hemispheres.
indicates the dangerous quadrants.
4.11

Monsoons

4.11.1

--- - -Introduction

Next to cyclones, the most notable weather systems in the tropics are
those which produce the copious falls of rain and strong winds of monsoons.
In general in the tropics, winds do not blow sufficiently strongly to generate
waves large enough to present difficulties for mariners or anyone else engaged
in marine activities. The winds of tropical cyclones are obvious exceptions,
but conditions can be boisterous in monsoon weather systems too, being
particularly so over the Arabian Sea from Jwie to September (Figure 2 .15).
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Figure 4. 30 - Rules for avoiding the centre of a tropical
cyclone in the northern hemisphere.
A power-driven vessel at A should proceed with
the wind ahead or on the starboard bow.
A
vessel under sail at A should heave to on the
starboard tack;
Vessels at A2 or A3 should heave to or proceed
in the directions shown by their headings;
Vessels at B or C should follow the courses
shown by the dashed lines;
A vessel proceeding from X to X2 should heave
to or reduce speed to allow the cyclone to draw
away.
During active phases of the south-west monsoon, wind speeds typically range
from 17 to 20 m/s and wave heights exceed 6 m. Even during lulls in monsoon
activity wind speeds over the Arabian Sea do not normally drop below 10 m/s.
In the days of sailing vessels, monsoon winds controlled trading patterns
across the seas near southern Asia.
Even today, the gale-force winds and
heavy seas of the south-west monsoon are not without practical significance,
being capable of slowing the most powerful of modern ships.
Moreover,
monsoons still regulate fishing activities and coastal shipping movements to
some extent.
On the west coast of India, for example, several ports are
inaccessible during the south-west monsoon because of adverse wind and sea
conditions.
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There is a popular belief that monsoons occur only in the tropics. On
the contrary, seasonal changes of wind and weather patterns occur in middle
and high latitudes Cover northern Asia, for example), and the term "European
monsoon" is used by meteorologists to describe the unsettled weather which so
often prevails over north-west Europe in July and August. Nevertheless, the
most striking seasonal phenomena occur in the tropics, the most impressive of
all being the periodic alternation of surface winds over the seas near
southern Asia and the associated rainfall events on adjacent lands. As noted
earlier in this chapter, extensive reorganizations of the tropical cell of the
atmospheric general circulation take place over the monsoonal region of
southern Asia at certain times of year, and similar reorganizations are
characteristic of the monsoons which occur over northern Australia, the
Ethiopian Highlands and western North Africa. In other parts of the tropics,
where such reorganizations do not occur, seasonal changes of winds and weather
result purely from migrations of the ITCZ.
4.11.2

Winter_conditions

In all parts of the tropics, winter wind and weather patterns are
consistent with the operation of a Hadley Cell. The ITCZ is active near the
F.quator, widespread subsidence occurs in the tropics and subtropics, and trade
winds blow in the lower troposphere.
Summer wind and weather patterns are
markedly different. Between the east coast of Africa and the meridian of
150 ° E, for example, during the period mid-December to mid-March (Figure
4.31): clear skies and north-easterly winds prevail over India, Sri Lanka,
South-East Asia and adjacent oceans; monsoon rain systems and north-westerly
winds affect Indonesia and northern Australia; south-easterly trade winds blow
over tropical parts of the South Indian Ocean; and the ITCZ lies a little to
the south of the Equator.
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Figure 4.31 - Prevailing winds over the Indian Ocean in January and February
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4.11.3 Transition:
March to June
-----------

The period from mid-March to early June is one of transition over this
region. Dry weather returns to northern Australia, and winds become light and
variable over Indonesia and adjacent waters. Over the Indian subcontinent
temperatures slowly rise and barometric pressure slowly falls, while over the
Arabian Sea and Bay of Bengal winds become first variable and then light
south-westerly.
Ocean currents respond
to these changes.
Tropical
depressions become increasingly frequent over the Bay of Bengal and
south-eastern parts of the Arabian Sea, and in May and early June a few reach
cyclone intensity. Apart from a very occasional cyclone, the rest of the
Arabian Sea remains free of rain systems. The ITCZ moves northwards, reaching
Sri Lanka and southern India in late April. Throughout this transition
period, south-easterly trade winds and the corresponding oceanic flow (the
South Equatorial Current) occupy the whole of the tropical zone of the South
Indian Ocean.
4.11.4 -----The south-west
- -monsoon
- - From early June to mid-September the south-west monsoon holds sway
over South-East Asia, the Indian subcontinent and the waters of the Arabian
Sea, Bay of Bengal and South China Sea (Figure 4.32). Its influence on winds
and currents extends much farther afield, however, notably to the South Indian
Ocean and the western part of the Pacific Ocean. For example, as mentioned in
Chapter 3, trade winds over the South Indian Ocean are considerably stronger
between June and September than at any other time of year.
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Figure 4.32 - Prevailing winds o:ver the Indian Ocean in July and August
On the west coast of India, the onset of monsoon rains normally occurs
during the first ten days of June. Simultaneously, the south-westerly winds
over the Arabian Sea strengthen markedly. During active periods of the
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south-west monsoon, which last from one to three weeks, there is heavy rain
over the Konkan Coast of India and also over the Arabian Sea east of 65 ° E. At
the same time, as already noted, winds are very strong over the central part
of the Arabian Sea, with wind speeds typically in the range 17 to 20 m/s. As
a result, the surface of the Arabian Sea is rough and the visibility moderate
or poor (largely because of spindrift). During lulls, known as breaks in the
monsoon, which normally last only a few days but may be as prolonged as two or
three weeks, there is very little rain over the Konkan Coast and easternmost
part of the Arabian Sea, and wind speeds over the central part of the Arabian
Sea decrease to 10 or 11 m/s. Currents in the Arabian Sea adjust to the wind
patterns in the overlying atmosphere. The most notabie feature of the oceanic
circulation is the Somali Current, which in August and September typically
flows at 4 m/s just south of Socotra. The persistent south-westerly winds
also cause upwelling off Somalia and Arabia (Chapter 3).
During the period June to September, tropical depressions supply
almost all of the rain which falls over north-east India, Bangladesh, Assam,
western Burma and the northern half of the Bay of Bengal.
As mentioned
earlier, most of the depressions form over the bay itself but about one-third
develop from diffuse areas of low pressure which originate over South-East
Asia or the South China Sea. The southern half of the bay remains largely
free of depressions from June to September but there are, nevertheless,
outbreaks of rain from the cloud systems of disturbances generated by the weak
convergence zone which lies a few degrees north of the Equator between the
Maldives and Sumatra. During the period June to September, precipitation over
western India and the eastern part of the Arabian Sea falls from weather
systems which are most intense near the 600 hPa level and are often not
evident in patterns of surface winds. These weather systems are known as
mid-tropospheric (or subtropical) cyclones.
They are quasi-stationary and
develop, intensify and dissipate over a period of one or two weeks in the
vicinity of Bombay (18 ° 55 ° N 72 ° 50 ° E). Cumulonimbus clouds are found near the
centres of mid-tropospheric cyclones, but on the southern flanks of the
systems precipitation generally falls from Nimbostratus clouds.
Over the
mountains of western India (the Western Ghats) precipitation is intensified
orographically.
4.11.5

The E()St-monsoon_period

The period from mid-September to mid-December is another one of
transition.
Winds over the Arabian Sea and Bay of Bengal become first
variable, then north-easterly. The trade winds over the South Indian Ocean
weaken as soon as the south-west monsoon retreats from western India and
eastern parts of the Arabian Sea, their speed · typically being 4 to 6 m/s
throughout the period. The ITCZ continues to be active over southern India
and Sri Lanka until November and then migrates southwards.
Tropical
depressions are frequent over the southern half of the Bay of Bengal during
these three months and, as already noted in this chapter, some develop to
storm or even cyclone intensity.
In the period from mid-September to
mid-December, as in the period from mid-March to early June, the northern,
western and central .parts of the Arabian Sea remain free of rain systems,
except for occasional visits by tropical cyclones. A few of these cyclones
reach the coast of Arabia. Indeed, on some stretches of the Arabian coast
cyclones contribute more than one-quarter of the total rainfall. At Salalah,
for example, a cyclone yielded 178 mm of rain between 1800 UTC on 12 November
1966 and 0600 UTC the following day.
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The importance of convection in maintaining the monsoon of southern
Asia was first realized by Edmund Halley 300 years ago. His concept of the
monsoon as a giant sea-breeze is still widely acepted, even though obvious
shortcomings have long been recognized.
On the Indian subcontinent, for
example, temperatures are higher in May, before the onset of the summer
monsoon, than in July, when the monsoon is established over the whole
subcontinent. Moreover, the hottest part of the subcontinent remains largely
free of cloud and rain throughout summer. The south-west monsoon is much more
than a giant sea-breeze; it is a complex system, in�which convective processes
of various scales interact.
The south-westerly air-flow over the Arabian Sea is an important
element of the monsoon system. Since the time of Halley, the view has been
widely held that this flow originates in the trade-wind belt of the South
Indian Ocean and subsequently, after deflection by the Coriolis force, enters
rain systems over western India. Indeed, it is stated in many books that
south-easterly trade winds cross the Equator to become south-westerly monsoon
winds. However, on a seasonal and day-to-day basis, westerlies occur south of
the Equator over much of the Indian Ocean. There is a significant flow of air
across the Equator only between the east coast of Africa and the meridian of
60 ° E. Furthermore, the flux of water vapour across the west coast of India in
July is typically two or three times that across the Equator between the east
coast of Africa and the meridian of 70 ° E. Moreover, vorticity patterns are
not consistent with the concept of continual cross-equatorial flow. Most of
the air which flows eastwards across the west coast of India originates in the
northern hemisphere.
Some air from the southern hemisphere does, however, enter monsoon
weather systems over India and adjacent seas. The air crosses the Equator in
a low-level jet stream between the meridians of 38 ° and 55 ° E. Within this jet
stream, wind speeds tend to be highest (up to 50 m/s) at altitudes of 600 to
2 500 m (Figure 4.33). The strength of this jet stream (sometimes called the
Findlater jet, after the meteorologist who discovered it) is modulated by
extra-tropical weather systems south and south-east of Madagascar.
As
increases in the strength of the jet stream precede increases in rain£al 1
amounts over southern and western India by a day or two, it follows that
monsoon activity over India must be controlled to some extent by weather
systems over the Southern Ocean. Evidently, therefore, links exist between
widely separated elements of the ocean-atmosphere system.
Such links are
called teleconnections.
4.12

El Nino

Of all teleconnections, those associated with the phenomenon called fil
Nino (Chapter 3) have received most attention. Indeed, associations have been
found between this phenomenon and anomalous behaviour of the atmosphere and
oceans in various parts of the world. For example, El Nino is known to be
associated with sea-surface temperature anomalies in the Pacific Ocean,
failures of monsoon rains over the Indian subcontinent, secas drought in
Brazil, stormy weather in California, and drought in the sub-Saharan zone of
North Africa (the Sahel).
There exists as yet, however, no more than a
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Figure 4. 33 - Meridional wind speeds (m/s) from the surface to a height of
4 000 m between the East African highlands and about 70 ° E in
(a) January and (b) July
rudimentary understanding of how El Nino is linked with atmospheric and
oceanic events far distant from the waters of the South Pacific Ocean off
Peru. Moreover, El Nino itself is not yet fully understood.
4.12.1

Cause of_the_phenomenon

It was once thought that El Nino resulted from a weakening of
south-easterly trade winds over the easternmost waters of the South Pacific
Ocean, or even from a reversal of the winds to northerly. Throughout the
major El Nino event of 1972-73, however, winds off Peru blew from the
south-east with a speed of 4 to 6 m/s (Figure 4.34). In other words, there
was nothing unusual about the winds over the Humboldt Current, yet coastal
waters off Peru were 5 ° to 7 ° C warmer than average for about 18 months.
Furthermore, the major El Nino event of 1982-83, whose manifestations were the
severest this century and the most intensively studied El Nino of all time,
was first evident several thousand kilometres from Peru. Anomalously warm
water first appeared near the Equator in the central part of the Pacific Ocean
in April 1982. This water travelled eastwards to reach the shores of South
America several months later. The traditional explanation for El Nino is
clearly inadequate.
Meteorologists and oceanographers now believe that El Nino. (EN) is
inextricably linked to a phenomenon known as the Southern Oscillation (SO),
the combination of the two being a system known as ENSO. The essence of the
Southern Oscillation is that the gradient of barometric pressure between the
eastern and western parts of the South Pacific Ocean fluctuates (oscillates):
pressure is normally low over Indonesia and high near Easter Island, but at
times of El Nino activity pressure is higher than average over Indonesia and
lower than average near Easter Island. The currently accepted belief is that
trade winds normally push water westwards across the Pacific Ocean, causing
the surface of the sea to be higher and the thermocline deeper on the western
side of the ocean than on the eastern. If, however, trade winds are weaker
than usual, particularly over the South Pacific Ocean but perhaps also over
the North Pacific Ocean, sea level falls on the western side of the ocean and
rises on the eastern, so that water is transferred from one side of the ocean
to the other. Therefore, the whole water mass of the Pacific Ocean is set in
motion. Surface water surges eastwards and is considerably warmer than the
water it replaces.
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Weather on_the_Peruvian coast

Along the coasts of Peru and northern Chile, the weather is normally
dry for five reasons:
anticyclonic subsidence tends to prevent cloud
formation in the middle and upper troposphere, the Andes provide orographic
protection (because south-easterly winds prevail in the tropics of the
southern hemisphere), coastal sea breezes frequently develop (because air
temperatures over land and sea are markedly different), air in contact with
the surface of the sea is stable (because the water is cool), and low-level
divergence tends to occur in coastal air-flows (because the friction
coeffici-ents of land and sea are different). Although the weather is dry,
however, skies are not necessarily cloud free over the coasts of Peru and
northern Chile. There is frequently Stratus cloud beneath the temperature
inversion which separates the turbulently mixed air over the cool sea from the
subsiding air above (Figure 4.35), and drizzle sometimes falls from the
cloud. The height of the inversion is typically 900 m or so.
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Figure 4.35 - Temperature
profile
typically
found
over
coastal Peru. Stratus cloud often forms beiow
the inversion
During El Nino events the weather tends to be wet on the normally arid
coasts of Peru, and during a major El Nino event it tends to be unsettled in
northern Chile· as well. At times of El Nino, the coastal waters become warmer
than usual.
As a result, low-level air is warmed.
If it is warmed
sufficiently, it becomes destabilized, so that Cumulonimbus clouds develop.
The ITCZ over the eastern part of the Pacific Ocean is then farther south than
usual (Figure 4.36). The weather is also abnormally wet over central parts of
the Pacific Ocean.
Again, the basic reason is that the sea-surface
temperature is higher than a�erage. Over Indonesia, however, the weather is
unusually dry during El Nino periods, largely because air which ascends
farther east tends to subside over Indonesia and western parts of the Pacific
Ocean. ENSO is therefore evident not only in patterns of barometric pressure
and sea-surface temperature but also in patterns of rainfall and related
movements of the ITCZ.
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In eastern
Brazil, the weather is unusually dry ( secas) during El Nino
periods. For further explanation, see text (section 4.12.2)
4.13

Weather and climate definitions

At this point, it is useful to digress briefly to clarify the
distinction between weather and climate and, thus, to draw attention to
atmospheric and oceanic variability. Weather refers to the transitory state
of the atmosphere at a given place and time and is usually described in terms
of temperature, wind, humidity, precipitation, cloudiness, visibility and so
on. Climate is the synthesis of weather in a locality over an extended period
of time and is commonly expressed in terms of averages and other statistical
representations of atmospheric variability over a specified interval of time
(conventionally three decades). In many books, the emphasis is placed upon
climate rather than weather, even though weather varies considerably from day
to day, particularly in middle and high latitudes. When attention is drawn to
variability, it is often with reference to large departures from normal, in
the form of the anomalous and extreme weather events which create
inconvenience, hardship and disaster.
Otherwise, averages tend to be
stressed. However, average weather may never occur.
Averaging conceals
temporal and spatial fluctuations which are shorter in period or smaller in
extent than the time interval or area over which the averaging is carried out.
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Oceanic variability

There is much variability in the oceans too, on various time and space
scales. Again, anomalous and extreme events, such as El Nino, tend to receive
most attention. However, currents in the upper ocean and associated patterns
of sea-surface temperature vary considerably from day to day, week to week and
month to month. Averaging tends to conceal these variations. Thus, charts of
mean conditions show ocean currents as steady curvilinear flows. They provide
no information about the ever-changing meanders, eddies and filaments which
are the oceanic equivalents of synoptic-scale weather systems and are such
characteristic elements of circulations in both surface and deep water. In
eddies in the surface waters of the Southern Ocean, for example, flows of
2 m/s have been observed where the mean flow is only O. 2 5 m/s. In the
uppermost layers of the North Atlantic and North Pacific Oceans, pools of
water which are typically 150 to 300 km in diameter and several degrees warmer
or colder than average have been observed to drift many hundreds of kilometres
and persist for several months. Moreover, the upper ocean may be warmer or
colder than average over a wide area for a period of several months. In
middle and high latitudes, deviations of sea-surface temperature, whether
widespread or only in pools, are important in the formation and
intensification of synoptic-scale weather systems, through transfers of
sensible and latent heat from the ocean surface to the overlying atmosphere.
As already mentioned, meanders, eddies and filaments exist in the
circulations of all the oceans at all depths.
However, variability is
greatest in the most intense flows, such as the Gulf Stream and Kuroshio and
their extensions. We focus here upon the variability of the Gulf Stream,
which has been investigated thoroughly since the late 1940s. In the Florida
Current (between Florida and the Bahamas) flow deviates little from a
curvilinear path whose radius of curvature is approximately 2 000 km, but
beyond Cape Hatteras meanders begin to develop. The amplitudes of these
meanders increase downstream, from a maximum of about 50 km off Cape Hatteras
to an extreme of 500 km south of Nova Scotia, and their wavelengths typically
vary from 150 to 400 km. Eastwards from the meridian of 70 ° W detached rings
form, some of them warm-cored, others cold-cored (Figure 4.37).
The
amplitudes of meanders become especially large along 60 ° W, near the New
England Seamounts, where ring generation is particularly common.
The
seamounts appear to disturb the subsurface flow in the ocean and may therefore
be responsible for the meanders being so large. South and east of the Grand
Banks, the Gulf Stream tends to degenerate into several branches which also
produce rings. Moreover, eddies form off Newfoundland where the waters of the
Gulf Stream mingle with those of the Labrador Current (Figure 4.38).
The Gulf Stream produces five to eight cold-cored and about five
warm-cored rings per year. Rings are typically 150 to 300 km in diameter and
sometimes extend to a depth of 3 000 m. They often remain identifiable for
six to nine months, during which time they drift far from their places of
birth. Warm-cored rings, which rotate clockwise (anticyclonically), tend to
be advected by the counter-current which flows between the Gulf Stream and the
coast of North America. Thus, they drift south-westwards (with a mean speed
of about 5 cm/s). They gradually shrink as they drift, and near Cape Hatteras
they coalesce with the Gulf Stream.
Cold-cored rings, which rotate
anticlockwise (cyclonically), tend to move erratically but broadly westwards.

CHAPTER 4

160

42"

42 °
-··--

40•

40•

38"

3 8°

36"

36"

23-24 FEB

34°
7a-

7 6"

72"

70"

66°

68"
,·:,:.

6 4°

76°

74°

..,,..,

7 0°

..-...,

,:. ..

76°

74•

72•

70"

68"

66°

40•

38°

38"

36"

36"

9-10 MAR

64°

7a-

76°

7-r'

72°

70"

42°
.. ...

,-

76°

74°

7 2°

°
70

68 °

66"

64°

-· -·-... --

..

42°
40°

38°

38°

36°

36°

28 APRIL
76°

62 °

7/f'

7 2°

70°

6 8°

66°

42°

-,.

64°

34°
6 2°

42°

;

.. --·-·

..

4 0"

;,--

40°
38 °

38"

0

�
4 MAY
76°

7/f'

72"

10·

68"

66"

64"

36"

10 MAY

34•
62"

34°

64°

66"

-· _.· 1/

34•

----.. ..
;

68"

• .

40°

18 APRIL

42°

-·...

40•

34°
78°

64°

------ .. ...

42°

--

66°

68'

•:

·------ ...

.. ..·--

78°

34•

76"

7/f'

72"

70"

68"

66"

64"

Figure 4.37 - Schematic representation of Gulf Stream rings
during the period 15 February to 10 May 1977
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Many of them merge with the Gulf Stream again, whereas others dissipate in the
Sargasso Sea. Rings produced near Newfoundland may drift many hundreds of
kilometres across the North Atlantic Ocean towards the British Isles.
Large volumes of water are transported by Gulf Stream rings.
The
formation of five to eight cold-cored rings per year implies a mean transport
of 20 Sv (1 Sv = 1 Sverdrup = 10 6 m 3 /s) from the Gulf Stream to the
Sargasso Sea. The Gulf Stream itself transports approximately 30 Sv off
Florida, 150 Sv where it is strongest (north of Bermuda). The transport of
water swirling around the core of an individual ring may exceed 70 Sv. As the
depth to which rotation extends in a ring cannot easily be ascertained,
however, calculated values of the swirl transport (as it is known) are
somewhat uncertain. Surface flows of water within rings sometimes exceed
1.5 m/s.
4.15

Extratropical weather systems

Atmospheric variability is greatest in middle latitudes, where, as
noted earlier in this chapter, weather is controlled by depressions and
anticyclones at all times of year. These weather systems can be regarded as
eddies in the westerlies of middle latitudes, and they are associated with
planetary-scale meanders known as Rossby waves. Typically, there are four or
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five of these waves around the hemisphere (Figure 4.39). Sometimes there is a
high zonal index, meaning that Rossby waves are of small amplitude and the
westerlies strong. When this is so there is very little meridional exchange
of air. At other times, there is a low zonal index, meaning that meanders of
large amplitude exist in the westerlies. At such times, the flow in middle
latitudes sometimes degenerates into a cellular pattern of slow-moving eddies
taking the form of blocking anticyclones and deep occluding depressions
(Figure 4.40).
In these circumstances, meridional exchanges of air are
large. Extratropical weather systems are wave-like features which are
superimposed upon Rossby waves and move through them. With lengths in the
range 1 000 to- 3 000 km, these waves are shorter than Rossby waves.

Figure 4.39 - Typical pattern of 500-hPa contours and surface
fronts over the northern hemisphere on a day in
winter

We now focus upon the weather systems of middle and high latitudes,
beginning with depressions, which are the principal sources of cloud, poor
visibility, rain and strong winds.
They are highly mobile low-pressure
systems several . hundred to a few thousand kilometres in diameter. Although
their general direction of movement is eastwards, they may move in any
direction. Their life-span is typically four to seven days. Over the oceans,
as noted earlier in this chapter, depressions tend to be at their most intense
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Figure 4.40 - Schematic representation of a zonal index cycle, showing
consecutive stages in the breakdown of zonal flow in the
westerlies of middle latitudes:
1 - High zonal index, with strong westerlies at sea level and
long waves of small amplitude in the middle and upper
troposphere;
2 - Medium zonal index, with considerable north-south exchanges
of air in the lower troposphere and comparatively short waves of
large amplitude in the middle and upper troposphere;
3 - Low zonal index, with the formation of closed cells of low
and high pressure at sea level and aloft;
4 - A
blocking
pattern,
characterized
by
an
extensive
anticyclone whose circulation extends to the upper troposphere.
Once formed, blocking patterns usually persiist for a period of
12 to 16 days
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when their centres of low pressure lie between the parallels of 50 ° and 70 ° .
Thus, charts of monthly mean values show minima of barometric pressure near
the polar circles (Figures 4.41 and 4.42). However, some depressions extend
their influence well into polar regions and a few reach the poles themselves.
Precipitation totals are small in the Arctic and Antarctic, partly because
depressions are infrequent and partly because cold air is incapable of
supporting large quantities of water vapour. Precipitation is mostly in the
form of snow.

Figure 4.41 - Distributions of sea-level pressure (monthly mean values in hPa)
over the northern hemisphere in January (left) and July (right)

*
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Figure 4.42 - Distributions of sea-level pressure (monthly mean values in hPa)
over the southern hemisphere in January (left) and July (right)
4.15.3

Fronts

Most extratropical depressions possess frants, which are boundary
zones between air masses (or, more accurately, air-flows) of different
temperature and humidity. These air masses do not mix readily. Instead, they
tend to remain separate, with air which is cooler (and therefore more dense)
undercutting air which is warmer (and therefore less dense). The fronts shown
on weather charts mark the surface positions of air-mass boundaries.
Horizontal temperature gradients are steep at fronts but no more than slight
within air masses themselves. There are three basic types of front (warm,
cold and occluded), each with its own characteristic patterns of cloud,
Like all natural systems, extratropical
precipitation and visibility.
depressions grow to maturity and subsequently decay. We concentrate first
upon the fronts of depressions which are mature or in the early stages of
decay. We call these active frants, distinguishing them from weak fronts,
which are briefly mentioned again later in this chapter.
4.15.4 -----------Warm and occluded fronts
When an active warm or occluded front approaches a given point, the
following
sequence of clouds is usually observed:
Cirrus uncinus,
Cirrostratus, Altostratus, Nimbostratus (Figure 4.43). Sometimes the sequence
also includes Cirrocumulus and Altocumulus clouds. Cumulus or well-broken
Stratocumulus clouds often occur under the Cirrus and Cirrostratus clouds. As
the slope of a warm or occluded front is typically 1 in 100 to 1 in 150,
Cirrus clouds normally begin to appear 12 hours or more before the
precipitation arrives. Advection fog sometimes occurs ahead of an advancing
warm or occluded front, especially where the land or sea surface is cool.
Otherwise, visibility tends to be excellent whilst a front is approaching.
Under Nimbostratus clouds, however, visibility is always moderate or poor,
largely because it is reduced by raindrops or snowflakes. Whilst a front is
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advancing, winds in the lower troposphere generally blow from a direction
between east and south, but in the upper troposphere they blow from the west.
Indeed, jet streams accompany warm or occluded fronts. Winds are strongest
near 300 hPa and often exceed 50 m/s, especially in winter.

T
E

..:,,t.

0

Figure 4. 43 - Vertical section through the warm and cold frents of an active
depression. The arrows indicate frontal movements
4.15.5 ----Cold fronts
sectors
--and- -warm
---An active cold front is marked by massed Cumulonimbus clouds and a
shift of wind direction from south of west to north of west (Figure 4.43).
Visibility usually improves with the passage of the front, from moderate or
poor to good or very good, although it tends to be poor under the Cumulonimbus
clouds themselves, on account of the heavy precipitation (rain, snow or
hail). Between warm and cold fronts, there is an area of warm, humid air
known as the warm sector, within which winds are south-westerly, clouds mostly
stratiforrn, and visibility moderate or poor (Figure 4.44). Stratus clouds
occur over the area closest to the point where the warm and cold fronts meet,
and they often produce drizzle. Moreover, their bases tend to be very low
(typically only 50 to 100 m), so that hills become shrouded in cloud.
Stratocumulus clouds occur in central parts of warm sectors and Altocumul us
clouds tend to occur in outer parts.
4.15.6

Warm--and cold
occlusions
- -----

The passage of a warm front is marked by a shift of wind direction to
south-westerly and a change of cloud type from Nirnbostratus to Stratus or
Stratocumulus (Figure 4. 44). The passage of an occluded front is also marked
by a shift of wind direction to south-westerly, but the Nimbostratus clouds of
such fronts are replaced by Cumulonimbus clouds, there being no warm sector
behind an occluded front. There are two types of occluded front, warm and
cold (Figure- 4.45) : the front is warm if the air behind it is warmer than the
air ahead of it, cold if the air behind is colder than the air ahead. Fronts
of the cold type tend to occur over the British Isles and surrounding seas in
summer, for at this time of year flows of maritime air from the south-west are
colder than flows of continental air from directions between east and south.
Fronts of the warm type tend to occur off north-west Europe in winter, when
continental air is colder than maritime air.
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Figure 4.45 - Vertical sections through occlusions:
(a) A warm occlusion;
(b) A cold occlusion
4.15.7

Unstable air masses
----------

To the west of cold and occluded fronts, Cumulus and Cwnulonimbus
clouds predominate (Figure 4.44).
This is so because the air masses
containing these clouds tend to be convectively unstable. The clouds are not
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scattered randomly, however, for lines of cloud (called cloud streets) are
quite common, as satellite images show.
Furthermore, areas of convergence
occur within the air masses, causing convective activity to be enhanced. The
causes of the convergence are not yet fully understood, but local variations
of sea-surface temperature and other surface effects are probably important
factors.
Whatever the causes, clusters and lines of Cumulonimbus clouds
develop, and the weather is often squally within them.
The lines of
Cumulonimbus clouds are similar in nature to cold fronts. When such lines are
accompanied by marked changes in wind direction and isobaric alignment, they
are called frontal troughs.
In both hemispheres, polar and tropical air masses meet in middle
latitudes in a meandering zone of transition known as the polar front. This
zone is the birthplace of extratropical depressions, which are first evident
as distortions of the zone called frontal waves. Some of these distortions do
not develop, but most do. As one develops, its amplitude increases (Figure
4.46). At the same time, recognizable warm and cold fronts form, with a broad
warm sector between them. Pressure falls at the point where the two fronts
meet, and winds circulate around this area of low pressure. As the depression
develops (deepens), the distortion grows.
Simultaneously, pressure falls
further, winds strengthen, the cold front catches up the warm front, and the
width of the warm sector decreases.
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Figure 4. 46 - The cloud patterns which typically occur as a
frontal depression grows to maturity and
subsequently decays
(L = low; W = warm; C = cold)
Once the depression has reached maturity, it begins to decay.
As
shown in Figure 4.46, the cold front overtakes the warm front, the junction of
the warm and cold fronts moves farther and farther away from the point of
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lowest pressure, the area of the warm sector decreases, pressure starts to
rise, and winds begin to moderate. An occluded front now connects the point
of lowest pressure to the junction of the warm and cold fronts. Pressure is
lowest and winds are strongest 12 hours or so after the occluded front first
appears. As filling (occlusion) of the depression continues, the warm front
becomes shorter and the occluded front longer. Eventually, the depression is
simply a rotating mass of cold air, its fronts all weak. The occluded and
warm fronts both lie some way ahead of the depression's centre, and the cold
front trails westwards across its equatorward flanks. On the fronts there is
little or no cloud in the middle and upper troposphere, because air is
subsiding at those levels. Frontal precipitation takes the form of light rain
or drizzle from thick Stratocumulus clouds.
Secondary depressions quite often form and develop on the cold fronts
of decaying depressions (Figure 4.47). Like their parent depressions (known
as primary depressions), which are first evident as distortions of the
hemispheric polar front, they first appear as distortions of fronts, in this
case the cold fronts of parent depressions. Furthermore, like their parent
depressions, they develop warm, cold and occluded fronts as they grow to
maturity and subsequently decay. However, frontal secondary depressions tend
to be much smaller than their parents, and considerably more vigorous.
Moreover, they tend to travel much faster than their parents. It is not
unusual for the speed of movement of a frontal secondary depression to exceed
25 m/s, whereas a primary depression, even when mature, generally does not
travel much faster than 18 to 20 m/s. A secondary depression may also form at
the junction of the warm, cold and occluded fronts of a partly. occluded
depression (the triple point). This generally occurs when the progress of a
primary depression or occluded front has been hindered by a mountain barrier.
In this case, the secondary depression forms near the equatorward end of the
barrier and subsequently moves eastwards.

(a)
Figure 4.47 - Two stages in the development of a frontal secondary depression
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Within the circulation of an old depression, there may be two, three
or even more centres of low pressure, and pressure gradients tend to be slack
everywhere in the system. The individual areas of low pressure in the
circulation of such a system (known as a complex depression) move very slowly
and erratically, and the system itself is also slow moving. Moreover, clouds
are not normally arranged in recognizable patterns such as those which are
observed on active fronts. Instead, distributions of cloud and precipitation
tend to be determined more by surface influences (such as thermal and
orographic effects) than by air-mass contrasts.
Neighbouring depressions tend to rotate cyclonically around each
other, the relative movements of the systems depending upon their relative
depths. When their depths are comparable, one system tends to move slowly
westwards and the other slowly eastwards. When one system is considerably
deeper than the other, as is often the case with primary and secondary
depressions, the more intense of the two moves quickly eastwards and the
centre of the other moves little. The movements of a front can be ascertained
by measuring the geostrophic wind speed at right-angles to the front at
several points along its length.
Each point moves in a direction
perpendicular to the front. The speed of a warm front is about two-thirds of
the geostrophic wind speed; the speed of the cold front is about the same as,
or a little more than, the geostrophic wind speed; and the speed of an
occluded front is approximately equal to the geostrophic wind speed.
Extratropical depressions tend to occur in families of three or four,
each depression following a course which is closer to the Equator than that of
its predecessor (Figure 4. 48). Over the North Atlantic and North Pacific
Oceans, depressions generally form over western parts. Thus, they tend to be
mature over central parts of the oceans and occluding by the time they reach
north-western Europe or North America, as the case may be. At times of high
zonal index, the fronts of depressions formed over the North Atlantic Ocean
travel quickly across the British Isles and on into western parts of the
Soviet Union. At times of low zonal index, depressions tend to become complex
and slow moving over the British Isles. Secondary depressions often form over
the Bay of Biscay and the waters west and south of Ireland. Over the Southern
Ocean, cyclogenesis may occur anywhere in middle latitudes, although it is
most likely between the parallels of 50 ° and 60 ° S. Depressions are generally
most vigorous south and south-west of southern Africa, south-west of Australia
and west and south-west of southern Chile.
In both hemispheres, depressions tend to be most vigorous in winter,
because the thermal contrast between low and high latitudes is then greatest.
At this time of year, as noted in Chapter 2 (Figures 2.14 and 2 .15), the
frequency of occurrence of winds of gale force (8 or more on the Beaufort
scale) exceeds 30% over the North Atlantic Ocean south and south-east of
Greenland and is not much less over large areas of the Southern Ocean,
particularly near Cape Horn. In winter it is not uncommon for wind speeds to
reach 25 to 30 rn/s or more in extratropical depressions. At 1200 UTC on
15 December 1986, for example, wind speeds of 75 kn ( 38. 7 m/s) and 70 kn
(36.1 m/s) were reported from vessels at 61.5 ° N 38 ° W and 55.5 ° N 30 ° W
respectively.
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Figure 4.48 - A family of depressions over eastern North America and the North
Atlantic Ocean on 22 June 1954 (see also Figure 6.8)
Circumstances were unusual on this occasion, however, for these winds
were associated with an intense depression which was almost certainly the
deepest extratropical depression on record for the North Atlantic Ocean and
may have been the deepest on record for any synoptic-scale weather system
outside the tropics. At 60 ° N 35 ° W at 0001 UTC on 15 December, the barometric
pressure was 915 hPa. Low as this was, it does not compare with some of the
pressures which have been recorded in the centres of tropical cyclones. At
16 ° 44 ° N 137 ° 46 ° E on 12 October 1979, for example, a pressure of 870 hPa was
recorded (by a dropsonde) in the eye of typhoon Tip; and at 19 ° N 135 ° E on
24 September 1958 a pressure of 877 hPa was recorded in the eye of typhoon
Ida. Although the lowest pressures have been recorded in typhoons, pressures
of less than 900 hPa have also been recorded in Atlantic hurricanes.
On
14 September 1988, for example, a pressure of 888 hPa was recorded in
hurricane Gilbert as it travelled across the Caribbean Sea.
Barometric pressures below 935 hPa are uncommon in extratropical
depressions. On the North Atlantic Ocean, they are most likely to occur south
and south-west of Iceland. On the North Pacific Ocean, they are most likely
to occur near the Aleutian Islands. No two winters are alike, however, and
intense depressions occur much more frequently in some winters than in
others. During the winter of 1982-83, for example, pressures below 950 hPa
were recorded in a dozen of the depressions which developed over the North
Atlantic Ocean.
Extratropical depressions sometimes intensify very rapidly,
a
phenomenon known as explosive deepening.
Between 0600 and 1200 UTC on
14 December 1986, for example, pressure fell from 956 to 930 hPa in the
aforementioned depression which subsequently deepened to 915 hPa. This system
appears to have owed its intensity principally to two factors: there was a
strong thermal contrast across the polar front where it formed (100 to 200 Jan
off the coasts of Newfoundland and Nova Scotia), and when already mature it
absorbed another vigorous depression (near 54 ° N 36 ° W).
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Over the oceans, key areas of explosive deepening are the North
Atlantic and North Pacific. Such rapid development of depressions is often
missed by numerical weather prediction techniques (Chapter 6) and must be
forecast subjectively. Mariners who observe a rapid fall of pressure should
immediately report the fact, so that weather forecasters may be alerted.
Depression tracks across the oceans vary considerably. They vary from
season to season, being closer to the Equator in winter than in summer, and
they vary from year to year. They also vary from month to month and, to some
extent, from week to week.
The reasons are not fully understood, but
sea-surface temperature is undoubtedly a contributory factor.
As noted
earlier in this chapter, pools of warm and cold water drift across the oceans,
so that the temperature of the sea surface at any particular place varies over
a period of a few weeks. Moreover, the mean temperature of the sea surface at
any particular place in any given month varies from year to year.
In winter months in the 1960s, for example, the surface waters of the
Pacific Ocean tended to be anomalously cool south of the Aleutian Islands (in
a roughly elliptical area bounded by the parallels of 25° and 45 ° N and the
meridians of 140 ° W and 180 ° ).
At the same time, the surface of the sea
between this area and the west coast of North America tended to be anomalously
warm. During the winter of 1971-72, on the other hand, the waters south of
the Aleutian Islands were anomalously warm, whilst those to the east were
anomalously cool.
Cyclogenesis tends to be encouraged over warm water,
suppressed over cool water. Thus, the zonal index over the North Pacific
Ocean tended to be low in the winters of the 1960s, with cyclogenesis frequent
in the frontal zone between the cold and warm pools (between the parallels of
35 ° and 45° N and the meridians of 130 ° and 140 ° W). In contrast, the winter of
1971-72 was one of high zonal index, with cyclogenesis frequent over the warm
pool south of the Aleutian Islands.
Anomalies of sea-surface temperature also influence cyclogenesis over
the North Atlantic Ocean. For example, the polar front is active near the
parallel of 50 ° N when the sea near Newfoundland is warmer than average, but
depression tracks tend to be considerably farther south when the sea near
Newfoundland is colder than average.
In the latter case, large blocking
anticyclones tend to form over the British Isles and Scandinavia. During the
summer of 1968, for example, when sea-surface temperatures were as much as 4 ° C
below normal near 44 ° N 50 ° W, the mean barometric pressure during the months of
July and August was 8 hPa above normal near the Shetland Islands. Moreover,
two of the finest summers in western Europe (1959 and 1975) occurred when
sea-surface temperatures were below average over all western parts of the
North Atlantic Ocean and above average over all eastern parts.
As a
consequence, a low-index pattern of westerlies developed, with ridges of high
pressure frequent over western Europe and eastern parts of the North Atlantic
Ocean.
Wherever air-mass boundaries occur, weather disturbances form.
The
polar fronts of the two hemispheres are the principal sources of the world's
extratropical depressions, but they are not the only fronts which produce
these weather systems. In winter, for example, they form on the Mediterranean
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front, which separates cold air over Europe from warm air over North Africa;
in high latitudes they form on the Arctic and Antarctic fronts, which separate
air chilled over ice sheets from air warmed and moistened over the oceans of
middle latitudes. Furthermore, some depressions do not originate as frontal
waves.
For example, thermal lows result from intense solar heating of land,
particularly land which is elevated. The most notable examples are the lows
which develop in summer over Arabia, Arizona, North Africa, the Iberian
peninsula, the Plateau of Iran and north-western parts of the Indian
subcontinent. The weather is generally-hot and dry in these depressions, but
showers or thunderstorms may occur where low-level air is sufficiently moist.
Troughs of low pressure also form in the lee of mountain barriers. Moreover,
streams of atmospheric eddies sometimes extend as wakes many hundreds of
kilometres downwind of islands. Such eddies are typically 100 to 200 km in
diameter, and a few develop into vigorous low-pressure systems.
Depressions of this type occasionally appear south of Iceland in
winter months, forming in streams of very cold air originating over the land
ice of Greenland or the sea ice of the Greenland Sea. Whilst over ice, the
air is chilled and thus made statically stable, but when it flows across the
sea it is warmed from beneath and thereby made convectively unstable. These
depressions, which are called polar lows, and within which Cumulus and
Cumulonimbus clouds predominate, usually survive for only one or two days.
Nevertheless, some reach the British Isles, where the precipitation which
falls from their cloud systems is generally snow (Figure 4.49).
Like the cells of Cumulonimbus clouds which exist in the cloud
clusters of the ITCZ (mentioned earlier in this chapter) and the clusters and
lines of Cumulonimbus clouds which form in the unstable air behind cold and
occluded fronts (also mentioned earlier in this chapter), polar lows are
essentially subsystems of synoptic-scale weather systems. They are mesoscale
systems. Thus, they belong to a class of weather disturbances which typically
possess horizontal dimensions of 20 to 300 km and complete their life cycle of
growth to maturity and subsequent decay within a period varying from a few
hours to a day or two.
4.16

Mesoscale weather systems

We now consider other forms of mesoscale weather system, beginning
with those which are induced thermally. The most familiar are probably
sea-breezes and land-breezes, which result from differential heating and
cooling of land and sea. Sea-breezes are onshore winds caused by daytime
heating of 1-and, and land-breezes are offshore winds which occur where air
over land is colder than air over adjacent coastal waters. Generally, clear
skies are required for the initiation of these coastal wind systems. On a
sunny day, the ground warms more than the sea, for the reasons given earlier
in this chapter. During the night, on the other hand, land surfaces radiate
heat more effectively than the sea surface, so air over land becomes colder
than air over the sea.
Air expands upward when it is heated. In the case of air heated near
coasts it cannot also expand seaward, because air over the sea is cooler and
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therefore more dense, and it cannot expand along the coast or inland because
the air there is also expanding.
On accowit of the ascent, barometric
pressure falls over the heated land, so a thermal low develops (Figure 4.50).
Pressure does not fall over the sea, however, so a pressure gradient is
created, and this gradient is responsible for the onshore flow of air which
characterizes a sea-breeze. The circulation is completed by air moving
seaward at a height of 500 to 1 500 m and subsiding over inshore waters. In
contrast, air contracts when it is cooled, so air subsides over land on a
clear night. Pressure thereby becomes higher over land than over the sea, and
the pressure gradient which is created causes the offshore flow of air which
characterizes a land-breeze (Figure 4.51). The circulation is completed by
air moving landward at a height of 100 to 300 m and subsiding over the coast.
Where there is ascent of air, Cumulus clouds tend to form.
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The air in a sea-breeze is cool and moist compared with the air it
encounters over land, and the boundary between the two types of air takes the
form of a convergence zone which is typically 100 to 250 m wide. This zone,
called a sea-breeze front, is sometimes marked by vigorous convection and
enhanced Cumulus development.
In temperate latitudes, sea-breeze fronts
penetrate 70 km or more inland by 2100 hours local time; in the tropics and
subtropics, they may penetrate as much as 150 km inland by that time. Where
sea-breeze fronts from differently aligned coasts intersect, upcurrents tend
to be particularly strong (5 to 10 m/s). Indeed, such intersections are often
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marked by Cumulonimbus clouds. Sea-breeze circulations are usually noticeable
several kilometres out to sea, particularly in the tropics, where the
directions of low-level winds can be affected as much as 20 km off the coast.
Land-breeze fronts generally do not progress more than 10 to 15 km offshore.
A sea-breeze front is often clearly visible on a radar display, because the
birds which congregate to feed on the numerous insects which are carried aloft
by the upcurrents form effective radar targets.
Wind speeds in sea-breezes are typically 4 to 8 m/s but are sometimes
stronger where a marked temperature inversion causes the flow to be
constricted and thereby accelerated (as a result of the Venturi effect). Wind
speeds in land-breezes are typically only 2 or 3 m/s. Sea-breezes initially
(around noon) blow directly from sea to land. In middle latitudes, however,
the Coriolis force causes sea-breezes to be deflected so that, by early
evening, they flow almost parallel to the coast (or, alternatively, almost
parallel to the isobars). Land-breezes are also deflected, but generally
through no more than a few tens of degrees.
Sea-breezes are most likely to develop where the synoptic-scale
pressure gradient is such that winds blow from land to sea with a speed of
less than about 5 m/s. In other words, sea-breezes generally oppose the winds
which are established over a given coastal area before temperatures over land
rise sufficiently to create an onshore flow. Indeed, when sea-breezes oppose
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the general flow over an area, they often persist for an hour or two after
sunset. Thus, they are able to survive for a while after solar heating has
been removed, so they are, to some extent, self-supporting systems. There is
some evidence that land-breezes also develop most readily when there is
initially an opposing flow over the coast in question.
4.16.2

Anabatic and katabatic winds

Anabatic (upslope) and katabatic Cdownslope) winds are also induced
thermally. Anabatic winds occur over slopes which are heated by the Sun. Air
in contact with these slopes warms and therefore expands. It expands upwards
and subsequently sinks over neighbouring valleys (Figure 4.52). In contrast,
katabatic winds occur where air in contact with sloping ground is colder than
air at the same level in the free atmosphere (Figure 4.52). Surface cooling
generally results from a net loss of radiation at night, particularly where
skies are clear of cloud.
Accordingly, katabatic winds are nocturnal
phenomena in most parts of the world, their speeds typically not exceeding 3
or 4 m/s. Where ground is covered with snow or ice, however, katabatic winds
can occur at any time of day or night, their speeds often reaching 10 m/s.
Anabatic winds are usually very light (generally only 1 or 2 m/s) and are
seldom of much significance, except near coasts, where they tend to augment
sea-breezes. On the other hand, katabatic drainage may lead to the formation
of frost, mist and fog in valleys. Where strong katabatic winds occur
frequently, as on the coasts of Greenland and Antarctica, observed wind speeds
and directions are likely to be unrepresentative of the pattern of barometric
pressure existing over the area as a whole.
Katabatic winds are strengthened where funnelling through narrow
valleys occurs. However, cold-air drainage alone is rarely responsible for
downslope flows of more than about 15 m/s. Indeed, the bora and the mistral
provide cases in point. The former is a very strong and gusty north-easterly
wind descending from the mountains along the Adriatic coast of Yugoslavia
(Figure 4.53). The latter is a strong and often violent wind blowing from the
north or north-west down the Rhone valley and across the Rhone delta to the
Golfe du Lion and sometimes beyond (Figure 4. 54). However, these are not
principally katabatic winds. Like the tramontana over the Catalan coast of
Spain and similar winds in other parts of the world, they result basically
from the forcing of stable air over mountain passes and through valleys. The
bora, for example, a winter phenomenon, develops when a slow-moving depression
is centred over eastern Yugoslavia. The mistral, which may occur at any time
of year, forms when a depression is centred over north-west Italy, with a
ridge of high-pressure extending north-eastward across the Bay of Biscay.
The bora and similar winds typically begin suddenly and without
warning. So, too, do the so-called "shooting flows" which sometimes reinforce
katabatic winds over gentle slopes in high latitudes. In the formation of
these strong flows an essential factor is a marked temperature inversion at an
altitude of 100 to 300 m. Given an upstream wind of suitable speed and
direction, air moves rapidly (shoots) through the duct which exists between
the land surface and the inversion (the inversion forming an impenetrable
lid). The sudden commencement of a shooting flow is associated with a
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phenomenon of fluid flow known as a hydraulic jump. The flow ceases (also
suddenly) when the speed and direction of the wind upstream are no longer
suitable for its maintenance.
Shooting flows of 30 to 40 m/s often occur over Antarctic coasts.
Indeed, at the foot of an ice slope near Commonwealth Bay (67 ° S 144 ° E), winds
of 30 m/s blow for about nine months of the year. Moreover, apart from
occasional short-lived lulls, they blow remarkably steadily. Strong shooting
flows also occur frequently at various coastal locations in the Arctic. At
Franklin Bay (69° 45'N 126 ° 00'W), for example, on the Beaufort Sea coast of the
Canadian mainland, wind speeds sometimes reach 35 m/s. Only 10 to 15 km away,
however, at the same moment, winds can be calm or very light. �t Resolute Bay
(74 ° 40'N 95 ° 00'W), on Cornwallis Island, one of the Queen Elizabeth Islands,
shooting flows are sometimes so strong that ships cannot be loaded or unloaded.
4.16.5

Local winds
------

Like the bora and the mistral, shooting flows belong to a class of
phenomena known generically as "local winds". There are many such winds
around the world (Table 4.2), some of them cold, some of them warm, some of
them wet, some of them dry. Of those which are hot and dry, the most notable
are the khamsin (which blows from the south or south-west over Egypt from time
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Figure 4. 54 - The extended mistral of 2 April 1943 and the
corresponding weather chart
to time during the period from February to June) and the sirocco Ca southerly
wind which may blow at almost any time of year over the coasts of North
Africa). However, the sirocco is cooled and moistened as it passes over the
Mediterranean Sea, so when it reaches the coasts of southern Europe it is a
warm and sultry wind, accompanied by fog or shallow stratus cloud.
The
harmattan, like the khamsin and sirocco, also blows from the interior of North
Africa and, like them, is usually laden with dust. Indeed, this wind, which
blows over coasts between Cape Verde and the Gulf of Guinea, often transports
dust and sand many hundreds of kilometres across the North Atlantic Ocean. It
blows during the period November to April, which is the dry season in this
monsoonal part of the world; south-westerly winds prevail in other months.
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TABLE 4.2
Local winds and local weather phenomena
BISE
A cold, dry wind which blows from the north-east, north or north-west in the
mountainous regions of southern France in winter months. Unlike the mistral,
which also occurs in southern France, the north-west wind is accompanied by
heavy cloud.
BORA
See Section 4.16.3.
CR.ACHIN
The name given to the drizzly weather with low stratus, mist or fog which
occurs from time to time during the period January to April over the China Sea
and in coastal areas between Shanghai and Cape Cambodia. It occurs when cool,
moist air from the north encounters warm, moist air, and it is intensified by
orographic lifting and/or coastal convergence.
ETESIANS
The northerly winds which blow at times over the Aegean Sea and eastern parts
of the Mediterranean Sea during the period May to October. The winds are
known as meltemi in Turkey.
FOHN
See Section 4.16.6.
GREGALE
A strong north-easterly wind which occurs chiefly in winter
central and western parts of the Mediterranean Sea.

months over

HARMATTAN
A dry and comparatively cool wind which blows from the east or north-east on
the coast of North Africa between Cabo Verde and the Gulf of Guinea during the
dry season (November to March). It brings dust and sand from the Sahara
Desert, often in sufficient quantity to form a thick haze which hinders
navigation on rivers. Sometimes dust and sand are carried many hundreds of
kilometres out to sea.
KAUS
The name given to the south-easterly winds which prevail in winter (December
to April) in the Persian Gulf. They are sometimes followed by very strong
south-westerly winds, called suahili.
KHAMSIN
A hot, dry, dust-laden, southerly wind over Eqypt, the Red Sea and eastern
parts of the Mediterranean Sea ahead of eastward-moving depressions. It
occurs during the period February to June, being most frequent in March and
April.
KHARIF
A strong south-westerly wind which blows daily from about 2200 hours local
time until noon the following day over the Gulf of Aden. It occurs during the
south-west monsoon and frequently reaches gale force in June, July and August.
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LESTE
A hot, dry, southerly wind which occurs between Madeira and Gibraltar and
along the coast of North Africa ahead of an advancing depression.

LEVANTER

See Section 4.16.5.

LEVECHE

A hot, dry, southerly wind which biows on the south-east coast of Spain ahead
of an advancing depression. It is typically laden with sand and dust, and its
approach is often heralded by a belt of brownish cloud on the southern horizon.
LIBECCIO
A strong, squally, south-westerly wind which occurs over central parts of the
Mediterranean Sea, most commonly in winter.
MAESTRO
The name given to north-westerly winds over the Adriatic Sea, the Ionian Sea
and coastal regions of Sardinia and Corsica.
MARIN
A strong south-easterly wind over the Gulf
accompanied by warm, cloudy weather with rain.

of

Lyons.

It

is

usually

MELTEMI
See Etesians.
MISTRAL
See Section 4.16.3
NORTHER
In Chile, the Norther is a northerly gale, with rain. It usually occurs in
winter but occasionally occurs at other times of year. Typically, it is
heralded by falling barometric pressure, a cloudy or overcast sky, good
visibility, a swell from the north and water levels above normal along the
coast. Over the Gulf of Mexico and western parts of the Caribbean Sea,
Northers are strong, cool, northerly winds which blow mainly in winter. Over
the Gulf of Mexico they are sometimes humid and accompanied by precipitation.
Over the Gulf of Tehuantepec, on the other hand, they are dry winds.
PAMPERO
The name given to severe line-squalls in Argentina and Uruguay, particularly
in the Rio de la Plata area. They are associated with marked cold fronts and
are usually accompanied by rain, thunder and lightning, a sharp drop in
temperature and a sudden change of wind direction from northerly or
north-westerly to southerly or south-westerly. They are most likely to occur
during the period June to September.
SCIROCCO
The name given to southerly winds over the Mediterranean Sea. Over the
African coast and southern parts of the Mediterranean Sea they are hot and
dry. As they pass over the sea, however, they are moistened. Accordingly,
they reach the coasts of Europe as warm, humid winds, often with fog or low
Stratus cloud.
SHAMAL
See Section 4.16.5.
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SOLANO
.An easterly or south-easterly wind, with rain, which occurs in the Strait of
Gibraltar and over south-eastern coasts of Spain.
SOUTHERLY BUSTER
The name given to the violent squalls which are associated with well-defined,
active cold fronts over coastal regions of south and south-east Australia.
Accompanied by thunder, lightning and gale-force winds, and similar to
pamperos, they are most frequent in summer but may also occur in spring and
autumn.
SUAHILI
See Kaus.
SUMATRA
See Section 4.16.5.
TEHU.ANTEPECER
A violent squally wind from the north or north-east in the Gulf of Tehuantepec
in winter. It originates in the Gulf of Mexico as a norther (q.v.) and blows
across the Isthmus of Tehuantepec.
TRAMONTANA
A cold, dry, northerly or north-easterly wind over the coast of Catalonia, the
west coast of Italy and the north coast of Corsica. It is typically a strong
wind but does not often reach gale force.
VENDAVALES
Strong, squally, south-westerly winds off the east coast of Spain and in the
Strait of Gibraltar. They occur mainly during the period September to March
and are often accompanied by violent squalls, heavy rain and thunderstorms.
WILLY-WILLY
See Section 4.10.1.
Another notable local wind is the lev�nter, which is a moist easterly
wind over the Strait of Gibraltar. It is frequently accompanied by haze or
fog, with a "banner cloud" stretching a kilometre or more downwind from the
summit of the Rock of Gibraltar. The strength of the levanter does not
normally exceed Beaufort force 5. When it is fresh or strong, however,
vigorous atmospheric eddies form in the lee of the Rock. Eddies also form in
the surface· waters of the Mediterranean Sea between southern Spain and
northern Morocco, where water from the Atlantic Ocean diverges after passing
through the Strait of Gibraltar.
Some local winds are characteristically squally, examples being the
sumatras which occur over the Malacca Strait several times a month from May to
October, the southerly busters which occur mainly in summer but also in spring
and autumn over south-eastern coasts of Australia, and the pamperos which
occur over the Rio de la Plata during the period June to September. Sumatras
are always accompanied by heavy rain, from arched Cumulonimbus clouds, and are
almost always accompanied by thunder. They are initiated by katabatic winds
and therefore tend to occur at night. The squalls of pamperos and southerly

184

CHAPTER 4

busters are associated with cold fronts across which temperature differences
are large. The shamal is another notable local wind. It is sometimes squally
but by no means always. Strictly, the shamal is any north-westerly wind over
the Persian Gulf and Gulf of Oman, but the term usually refers not to the
normal prevailing winds but to the squally gale-force winds (accompanied by
rain and thunder) which occur in winter.
Local winds are sometimes caused purely by the displacement of stable
air upward or sideways when it encounters an obstacle. Near cliffs, for
example, spatial variations in the speeds and directions of air flows tend to
be considerable, in both the vertical and the horizontal.
When air is
sufficiently moist, ascent may produce a cap of cloud on the top of a hill or
cliff. Otherwise, ascent may be revealed only by the ability of birds to
soar, using upcurrents which provide lift.
Lee waves (standing waves) may
extend for hundreds of kilometres downwind of high ground, with some of their
crests marked by lenticular cloud (more often than
not Altocurnulus
Rotors exist in the lower troposphere below some of the
lenticularis).
crests, so that the surface wind may be locally reversed.
4.16.6 --The fohn
effect
- ---Over the lower slopes on the lee side of a mountain barrier, winds are
sometimes strong, gusty, dry and warm, indicating the occurrence of the fohn
effect. This phenomenon results from the forcing of air over a mountain
barrier, and its onset is generally sudden. For example, the temperature may
rise more than 10 ° C in five minutes, and the wind strength may increase from
almost calm to gale force just as quickly. When precipitation occurs over
windward slopes, so that the cloud base is higher over the lee slopes than
over the windward slopes, air over lee slopes becomes warmer, level for level,
than air over windward slopes partly because air which is ascending inside
clouds cools at the saturated adiabatic lapse rate, whereas air which is
descending (over the lee slopes) warms at the dry adiabatic lapse rate.
However, the fohn effect, which often occurs where skies are cloudless over
the windward slopes, basically depends upon the presence of a temperature
inversion over the mountain barrier. The inversion becomes distorted over the
lee slopes, its altitude there decreasing abruptly when the vertical profile
of the upstream wind speed becomes suitable. As with a shooting flow, a
hydraulic jump takes place. The level of the inversion drops so much that air
from above the inversion reaches the atmospheric layer next to the ground.
This air is warm and dry. Wherever stable air crosses a mountain barrier, the
fohn effect occurs. It often occurs in the Alps and the Rockies and it is
common also over the Moray Firth (north-east Scotland) and eastern parts of
the South Island of New Zealand. It occurs too over eastern Sri Lanka during
the south-west monsoon.
4.16.7 --Cloud streets
- --Finally in this chapter we return, albeit briefly, to the subject of
thermally induced mesoscale weather systems, noting first that tropical
islands below the horizon reveal their whereabouts by the clouds (particularly
Cumulus clouds) which apparently hang motionless above them. These clouds are
often associated with the circulations of sea-breezes or anabatic winds, or a
combination of the two. Where there is a marked wind shear in the vertical,
lines of Cumulus clouds stream downwind from thermal sources. These lines,
called cloud streets, are associated with longitudinal roll vortices, with
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clouds revealing the locations of upcurrents. Cloud streets range in length
from 20 to 500 km, and the spacing between streets varies from about 2 to
about 8 km. Longitudinal roll vortices also occur in the sea, where they are
known as Langmuir circulations. They form only where the surface water is
unstable.
It is a characteristic feature of trade-wind Cumulus clouds that they
tend to become aligned in the direction of the wind, with lines often
extending for several hundred kilometres. Where there is little vertical wind
shear, however, mesoscale cellular convection tends to develop over the sea.
Two types of eellular convection occur (Figure 4.55): open eells, in which
polygonal cloudfree areas are surrounded by masses of cloud, and closed cells,
in which polygonal cloudy areas are surrounded by strips of cloudfree air.
Cells, which are often called Benard cells, are typically about 50 km across
and form where the atmosphere is heated from the surface beneath. Thus, they
tend to be associated with areas of Cumulus and Stratocumulus clouds, although
cells of Altocumulus and Cirrocumulus clouds are also observed. Cells of the
open type develop where surface heating is moderate or intense, whereas closed
cells develop where surface heating is weak. Cells are usually confined to a
shallow surface layer capped by a marked temperature inversion. Sometimes,
though, the depth of the convective layer appears to be limited by downward
mixing of dry air.
Cell diameter

(a)

(b)
Figure 4.55 - (a) Open and (b) closed cellular convection.
For explanation, see text (section 4.16.7)
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OBSERVATIONS
5.1

Introduction

5 .1..1

Seafarers, scientists, engineers and many others derive benefit from
marine observations. For example, seafarers recognize the warning signs of
approaching storms, take into account climatic normals when planning voyages
and decide whether or not to ventilate cargoes. They also depend upon ships,
life jackets, navigational aids and other equipment designed to be used in the
hostile and hazardous marine environment. Scientists are called upon to help
settle compensation claims and advise in cases of litigation resulting from a
host of problems, ranging from contractual delay or loss of production to
structural damage and loss of life. Scientists also need data for testing
hypotheses. In meteorology and oceanography, as in all branches of science,
observations and measurements are fundamental (by definition) in empirical
investigations and indispensable (for verification purposes) in theoretical
studies. Engineers require climatic data when designing structures capable of
withstanding extreme weather and sea conditions, and engineers also require
climatic data when designing machines for generating electricity from wind or
wave energy.
Furthermore, weather forecasts cannot be reliable without accurate
input data. Indeed, without accurate meteorological observations from ships,
weather forecasting for sea areas would be reduced to guesswork. This point
is so important that it merits repetition. The oceans cover 70.8% of Earth's
surface, and marine observations are available on a regular basis only from
coasts, islands, lightships, rigs, platforms and ocean weather stations.
Accordingly, weather forecasters depend upon observations made by seafarers.
These observations must be accurate, otherwise the forecasters will be misled
and their forecasts rendered incorrect.
Admittedly,
forecasters use
observations of clouds and measurements of upper winds and upper-air
temperatures made from aircraft over the oceans, and they also use marine data
which have been retrieved from floating automatic weather stations by means of
satellite interrogation. Moreover, they use satellite images of clouds and
information about tropospheric winds derived from them. Nevertheless, reports
from conscientious and competent human observers at sea are still essential
and probably always will be.
5.1.2

Observations_from ships

At present, observations of the ocean-atmosphere system are made from
over 7 000 merchant vessels of all nations. However, observational coverage
of the oceans remains inadequate. Most vessels follow well-defined commercial
routes, so that extensive tracts of ocean are rarely visited (Figure 5.1).
Also, for various reasons, reports are received from fewer than about 3 500
vessels on any given day. Nearly 50% of all marine observations are made on
the North Atlantic Ocean. In contrast, only about 10% are made in the
predominantly oceanic southern hemisphere. Except on the parts of the North
Atlantic Ocean which are most frequented by ships, the density of observing
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stations on the oceans on any given day is even lower than in tropical deserts
and on polar ice sheets.
Furthermore, weather routeing of ships has been
practised increasingly in the past two decades, especially across the North
Atlantic and North Pacific Oceans.
As a result, comparatively few
observations are received from areas of heavy weather. The quality of data
from merchant vessels can also be questioned. Principally, this is because
many mariners receive insufficient training in observational procedures and
the use of instruments. In addition, however, ships disturb the sea and the
atmosphere close to them both mechanically and thermally.
5.1. 3

There were, however, no marine climatic charts till 1686, when Edmund
Halley published a chart of winds over tropical oceans between the meridians
of 90 ° W and 140 ° E in An Historical Account of the Trade Winds and Monsoons,
observable in the Seas between and near the Tropicks; with an Attempt to
assign the Phisical Cause of the Said Winds.
The first charts of ocean
currents appeared soon afterwards, in 1699, when William Dampier (a
buccaneer!) published his Discourse of Winds, Breezes, Storms, Tides and
Currents, which proved to be the standard work on marine meteorology for over
a century. From the 17th century onwards, the master mariners of the East
India Company carefully and systematically recorded in their log-books
observations of wind, weather and sea state at regular intervals during their
voyages. These observations were used in the compilation of books containing
navigational information and advice for seafarers. The books were early forms
of the "Sailing Directions" or "Pilots" which have been issued by the
Hydrographic Department of the British Royal Navy since 1828. They first
appeared in the latter part of the 18th Century, an example being Horsburgh's
Observations on the Navigation of the Eastern Seas, published in 1797.
5.1. 4

Before the middle of the 19th century, however, reliable charts of
winds and ocean currents were not available for all the oceans of the world.
Moreover, marine observations were generally not made systematically.
An
American hydrographer, Matthew Fontaine Maury, deserves the credit for
remedying both of these defects.
In the 1840s, he collected and collated
marine observations, many of them extracted painstakingly from the log-books
of ships, and he used these observations in the preparation of various
publications which greatly benefited seafarers. In particular, by using his
charts and sailing directions intelligently, mariners were able to shorten
their passages by many days. Indeed, they were able to reduce the voyage time
from England to Australia by as much as a month. Instead of proceeding by way
of the shortest route from Cape Verde (a modified great circle), which led
them to the stormiest waters of the Southern Ocean and almost to the edge of
the Antarctic sea ice, they first made use of the prevailing winds and
currents of the South Atlantic Ocean and later followed a rhumb line between
the parallels of 3 5 ° and 40 ° S, thus taking advantage of the winds, currents
and anticyclonic weather which tend to be found there.
Seafarers quickly realized that they would benefit not only from
improvements to Maury's charts but also from increased knowledge of all
aspects of the ocean-atmosphere system. Accordingly, many of them willingly
agreed to observe and note weather and sea conditions, giving Maury copies of
their logs in exchange for sets of charts and sailing directions supplied to
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Figure 5.1 - The number of SHIP reports (see section 5.16.1)
received on (a) real time and (b) non-real time
in July 1982
them gratis by the US Hydrographic Office, which Maury superintended. Maury
soon realized the desirability of making and recording observations
systematically and so, in 1853, on his initiative, a conference attended by
delegates of several nations was held ( in Brussels) to devise a code of
observational practice.

OBSERVATIONS

189

5.1. 5

Conference delegates agreed that observations should be made every two
hours and entered in a register under the following headings:
• Latitude and longitude (by observation and dead reckoning);
• Currents in the sea (direction and speed);
• Magnetic variations observed;
• Winds (direction, and force on the Beaufort scale);
• Barometric pressure;
• Hours of fog, rain, snow and hail;
• State of the sea;
specific
gravity,
(surface
• Water
temperature,
sub-surface
temperatures);
• State of weather;
• Remarks
on:
tempests,
tornadoes,
whirlwinds,
waterspouts,
typhoons,
hurricanes,
temperature of rain,
description
of
hailstones, dew, fog, dust, height of waves, tide rips, colour of
the ocean, soundings, ice, shooting stars, aurora borealis, haloes,
rainbows, meteors, birds, insects, fish, seaweed, driftwood and
tidal observations.
The interval between observations was soon altered from two to four hours, but
the scheme has otherwise not been modified significantly to this day.
However, the practice of recording observations six times a day Cat the end of
each watch) is now less common than it used to be. Since 1921, observations
have not only been recorded in log-books but also transmitted to designated
radio stations ashore and from there to various meteorological centres. They
are reported at the standard synoptic hours (0000, 0600, 1200 and 1800 UTC),
using the International Meteorological Codes for Weather Reports.
In
addition, observations may also be reported at the intermediate standard hours
C0300, 0900, 1500 and 2100 UTC) or at any other time an observer wishes to
report significant conditions.
5.1. 6

In the world's Voluntary Observing Fleet, there are three main
classes: Selected Ships, Supplementary Ships, and Auxiliary Ships. Selected
Ships are equipped with certified instruments for measuring air temperature,
humidity, barometric pressure and sea-surface temperature, and some ships also
possess equipment for measuring wind speed. Supplementary Ships are equipped
with certified instruments for measuring air temperature, humidity and
barometric pressure.
Observers aboard Auxiliary Ships possess no certified
instruments, but they may measure air temperature and barometric pressure
using their own instruments, providing the instruments have previously been
checked by a port meteorological officer or other competent authority. At the
beginning of 1988 there were, including trawlers, 4 438 Selected Ships, 1 420
Supplementary Ships and 1 344 Auxiliary Ships (Figure 5.2).
Along with
observing stations on ice islands, these ships are known collectively as
Mobile Sea Stations. Meteorological reports are also received from observers
on Fixed Sea Stations and equipment on Automatic Sea Stations. Fixed Sea
Stations include lightships, ocean weather ships, rigs, fixed platforms,
anchored platforms and stations on islands and coasts. Automatic weather
stations may be located anywhere Con a buoy, for example, or an ice island).
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Variations in the numbers of Selected Ships,
Supplementary Ships and Auxiliary Ships in the
Voluntary Observing Fleet from 1960 to 1988
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We study the codes used for transmitting meteorological reports later
in this chapter. At this point, we merely note the contents of weather
messages broadcast from Selected, Supplementary and Auxiliary Ships. Messages
always begin with the vessel's call sign, followed by the date and time (UTC)
and the vessel's latitude and longitude (in degrees and tenths). Then, from
all classes of vessel, it is customary to report horizontal visibility, cloud
amount, wind speed and direction, air temperature, barometric pressure,
weather since the last synoptic hour, present weather, and the vessel's course
and average speed during the three hours preceding the time of observation.
When appropriate, it is also customary for the following to be reported from
all classes of observing ship: type, thickness and rate of ice accretion;
concentration and stage of development of sea ice; bearing of the principal
ice edge; state of sea ice; trend in ice conditions during the previous three
hours; and numbers of icebergs, growlers or bergy bits in sight. In addition,
observers aboard Supplementary Ships report the height of the base of the
lowest cloud in the sky; the types of low, medium and high clouds which can be
seen; and the amount of the lowest cloud present if that is low or medium
cloud. The fullest messages are transmitted from Selected Ships.
These
include, as well as the items already mentioned, dew-point temperature;
characteristic and amount of barometric tendency; sea-surface temperature;
observed height and period of wind-waves; and observed height, period and
direction of swell.
Reports from the few Selected Ships equipped with
rain-gauges and wave recorders also include amount of precipitation and the
measured height and period of wind-waves.
5.1. 7

Special research enterprises are necessary to obtain detailed
information about atmospheric and oceanic phenomena. In the century which has
elapsed since the first major venture of this kind, the circumnavigation of
the globe by HMS Challenger (from 1872 to 1876), the scientific cruise has
become a familiar part of marine research programmes.
Indeed, several
countries today possess fleets of well-equipped research vessels and marine
research enterprises have become progressively more ambitious.
Projects
nowadays involve international collaboration and the simultaneous operation of
research vessels and aircraft. The most ambitious project of all has been the
Global Atmospheric Research Programme CGARP) of the 1970s and early 1980s.
This endeavour has included several major observational sub-programmes,
notably the GARP Atlantic Tropical Experiment (GATE), which took place during
the summer of 1974, and the First GARP Global Experiment (FGGE), which began
on 1 December 1978 and ended on 30 November 1979.
The World Meteorological Organization (WMO) and several other
international bodies promote marine research. For example, the International
Council of Scientific Unions (ICSU) and the United Nations Educational,
Scientific and Cultural Organization
(Unesco) jointly sponsored the
International Indian Ocean Expedition (IIOE) of 1959 to 1965.
ICSU acted
through its Scientific Committee on Oceanic Research (SCOR) and Unesco through
its Intergovernmental Oceanographic Commission (IOC).
More recently, the
importance of marine data for both operational and research purposes has been
emphasized by the establishment of an Integrated Global Ocean Services System
(IGOSS), a scheme conceived and planned by a joint IOC/WMO Working Committee.
The implementation programme began in the late 1970s and will continue until
at least 1995. The need to improve the quantity and quality of observations
made from ships at sea has been highlighted by the establishment of an Ocean
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Observing Systems Development Programme
( OOSDP).
This programme,
an
initiative of the SCOR/IOC Committee on Climate Changes and the Ocean (CCCO),
in connection with the WMO/ICSU World Climate Research Programme (WCRP), was
inaugurated in 1985.
We turn again to the subject of international
co-operation in marine science later in this chapter. Now, noting first that
one of the objectives of the OOSDP is the improvement of instruments and their
exposure on board ships, we proceed to study instruments, beginning with those
used to measure temperature.
5.2

Thermometers and hygrometers

5.2.1
Any instrument which measures temperature is a thermometer and, in
principle, any substance which responds to changes of temperature can be used
thermometrically. In practice, only two types of thermometer are currently
used by mariners for measuring air temperature:
the liquid-in-glass and
electrical-resistance types. The former is simple and cheap and is therefore
the type most often found aboard ships and other sea stations. It consists of
a sealed glass tube of very fine bore, on one end of which is a bulb which
serves as a reservoir of liquid. The liquid expands when heated and contracts
when cooled. Accordingly, the point on the tube reached by the liquid is a
measure of temperature, and the tube (the stem of the thermometer) can be
calibrated and engraved to provide a direct reading of the actual
temperature. The space in the tube not occupied by liquid normally contains
nothing more than vapour of the liquid employed, the liquid generally being
mercury or alcohol. The electrical-resistance type of thermometer depends
upon the conductivity of a metal wire varying with temperature in a known way,
the metals used most commonly being platinum, tungsten, nickel and copper.
This type of thermometer does not provide a direct visual indication of
temperature. It must be connected to an electrical circuit (such as a
Wheatstone bridge), so that the resistance and hence, from previous
calibration, the temperature can be ascertained. When the electrical bridge
has been balanced, the temperature is read from a dial or a digital display.
5.2.2

Temperature scales

The temperature scales most used today are those of Fahrenheit,
Celsius and Kelvin, the scale of Reaumur now being virtually obsolete. On the
Fahrenheit scale,
which is also virtually obsolete except in the
English-speaking world, the freezing point of water is 32 ° F and the boiling
point (at standard pressure) 212 ° F. On the Celsius (or centigrade) scale, the
freezing and boiling points of water are, respectively, 0 ° and 100 ° C. To
convert Celsius readings of a thermometer to Fahrenheit, first multiply by 9/5
and then add 32. Thus, 10 ° C = ( 90/5) + 32 = 50 ° F. To convert Fahrenheit
readings to Celsius, first subtract 32 and then multiply by 5/9. Thus, 77 ° F =
(77-32) x 5/9 = 25 ° C. The SI unit of temperature is the Kelvin (symbol K),
and this is widely used in scientific work. On the Kelvin scale, on which
temperature is measured from absolute zero, water freezes at 273.15 K and
boils Cat standard pressure) at 373.15 K. It is evident that 1 ° C = 1 Kelvin.
5.2.3
As already noted, the scale on a liquid-in-glass thermometer may be
engraved on the stern. When this is so, the back of the stern is whitened, so
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that readings can easily be made. As a liquid-in-glass thermometer is
fragile, it is usually enclosed in an outer glass tube, which adds to the
strength of the instrument and protects the scale against abrasion. Some
liquid-in-glass thermometers are partially enclosed in a plastic, wooden or
metallic frame. When this is so, the scale is usually marked alongside the
stem. Herein lies a problem, though, because the stem may move relative to
the frame. Such thermometers should be inspected frequently to ensure that
this has not happened. Temperature should be read to the nearest tenth of a
degree and care taken to avoid parallax errors.
A liquid-in-glass thermometer should always be stored in a vertical or
near-vertical position, to minimize the risk of a break in its mercury or
alcohol colwnn. If this occurs, the thermometer should be gripped at the end
of the stem away from the bulb and swung briskly at arm's length unti 1 the
column is continuous again. With an alcohol thermometer, this technique may
not be successful. If not, the thermometer should first be heated gently in
warm water until the column is again continuous and then left for a period of
several hours to recover. Mercury is the most satisfactory liquid for general
thermometric use but cannot be used when temperatures are low.
Mercury
freezes at -39° C, so alcohol, which freezes at -130 ° C, must be used in polar
regions.
5.2.4
An instrument for measuring the humidity of air is called a
hygrometer. There are several types of hygrometer, but Mason's is the
simplest and cheapest and therefore the type most commonly found aboard ships
and sea stations. It comprises two thermometers mounted side by side. One
(the wet bulb) is wrapped in a piece of muslin which is kept moist (but nc:.:
dripping) by means of cotton threads leading from it to a reservoir containing
distilled water or rain-water (Figure 5.3). When the air in contact with the
wet bulb is unsaturated, water evaporates from the muslin. As evaporation of
water requires heat (latent heat of evaporation), and as this heat is derived
from the muslin and the air surrounding it, the wet-bulb temperature must be
lower than the air temperature (the dry-bulb temperature), unless the relative
hwnidity is 100%, in which case the two temperatures are equal. The greater
the rate of evaporation, the greater the absorption of latent heat and, hence,
the larger the difference between the readings of the dry-bulb and wet-bulb
thermometers. However, the rate at which heat is removed from the wet bulb
depends not only upon the humidity of the air surrounding it but also upon the
speed of the air flowing over it. Accordingly, ventilation of a wet-bulb
thermometer must be duly considered.
5.2.5

Thermometer screens
----------

Thermometers must always be exposed correctly. They must be shielded
from direct sunlight and reflected solar radiation. They must also be
shielded from heat radiated by the surface of the sea and the ship itself. At
the same time, air must flow freely past them. These requirements are met by
hanging thermometers inside a louvred screen (a marine screen) which is
painted white to minimize absorption of solar radiation (Figure 5.4). Such a
screen normally contains only two thermometers, the dry bulb and the wet bulb,
but it may also contain thermometers for recording maximum and minimum
temperatures. The position of the screen is important. It must not be hung
in a place where unauthorized persons can tamper with it, and it must not be
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Wet bulb with muslin and wick;
Muslin cap before it is attached to the
wet-bulb thermometer

hung near the funnel or anywhere else where draughts of warm air from local
sources might reach it (from galleys and engine rooms, for example).
Normally, it is located on the bridge and hung on the windward side of the
ship (Figure 5.5).

5.2.6
Ventilation of Mason's hygrometer (or psychrometer, as it is commonly
known} can also be performed artificially, by means of a fan which is operated
by either an electric or a clockwork motor (Figure 5. 6).
Alternatively,
ventilation can be performed by whirling the thermometers by hand (Figure
5.7). In aspirated psychrorneters (those which are driven electrically or by
clockwork) the thermometers are shielded against direct radiation. However, a
whirling (or sling) psychrorneter is not provided with such a shield, so it
must be used only in the shade. The flow of air inside a louvred screen does
not exceed 1 or 2 m/s but is considerably stronger across the thermometers of
aspirated and whirling psychrometers. Accordingly, the table appropriate to
the psychrometer should be used for deriving values of relative humidity or
dew-point temperature from readings of air temperature and wet-bulb depression.
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Various sources of local heating in a merchant
ship

5.2.7
It is important that pure water is used in the reservoir of a wet-bulb
thermometer, not only because the rates of evaporation from pure and impure
water differ appreciably but also because sea water and ordinary tap water
contain dissolved salts.
When evaporation takes place, these salts are
deposited on the cotton threads and muslin, thus hindering the free flow of
water to the muslin. The muslin and wick should be changed at least once a
week and must never be allowed to become dirty or contaminated by salt spray.
After the muslin has been changed, sufficient time must be allowed to elapse
before the wet-bulb thermometer is read, because the proper degree of wetting
must be achieved and the equilibrium temperature reached. Whenever the muslin
is changed a note to that effect should be made in the "Remarks" column of the
meteorological log-book.
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Figure 5.6 - An Assmann psychrometer, showing
a - thermometers
b - dome containing clockwork
c - fan and air outlets
d - main air duct
e - air inlets
f - tubes protecting thermometers
g - key for winding clockwork
h - point of support
i - device for wetting the muslin of the wet bulb
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Figure 5.7 - Sling psychrometer
5.2.8

�r£o�e2u� wet-bulb_readings

In normal circumstances, the wet-bulb temperature cannot be higher
than the dry-bulb temperature.
If .the readings of the two thermometers
suggest that it is, a number of checks should be carried out. There may be
moisture on the dry bulb, or one of the thermometers may be faulty.
Alternatively, the air temperature may be changing rapidly, in which case the
error probably results from the response of the wet bulb to temperature
changes being slower than that of the dry bulb.
If the reason for the
discrepancy cannot be ascertained, and the ventilation is adequate, the actual
readings of the thermometers should be recorded and a note entered in the
"Remarks" column of the log-book that checks have been carried out and no
obvious fault found.
5.2.9
Evaporation takes place as readily from the surface of ice as from the
surface of water. However, more heat is required to convert ice into vapour
(a process called sublimation) than to convert water into vapour, the amounts
of latent heat being, respectively, 2.78 x 10 6 J/kg and 2.45 x 10 6 J/kg.
This is taken into account when psychrometric tables are compiled, so readings
of a psychrometer are still valid when the wet bulb is coated with ice. Care
should be taken to ensure that the muslin is covered with ice when the
wet-bulb thermometer is read.
If it is dry, as may be the case when
ice-formation on the cotton threads causes the supply of water from the
reservoir to become obstructed, it should be given a coating of ice by wetting
it with ice-cold water and waiting 10 to 15 minutes for ice to form and the
temperature to fall to a steady value. If there is supercooled water on the
wet bulb, freezing should be induced by touching the wet bulb lightly.
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Ideally, this should be done with a snowflake or tiny piece of hoar-frost (on
the end of a matchstick, for example), but if no ice is available the point of
a pencil can be used instead. Whenever the wet bulb is coated with ice, the
fact should be recorded in the log-book.
A hair hygrometer can also be used for measuring humidity. In this
instrument, the change in length of a bundle of human or animal hairs with a
change of atmospheric humidity is magnified by means of a system of levers and
thus transmitted to a·pen which leaves a trace on a chart. In practice, the
instrument is unreliable and frequently needs to be checked for accuracy
against a psychrometer. There are various problems: errors are caused by
· changes in the properties of the hair and by friction in the bearings; zero
drift and hysteresis occur when the humidity drops to very low values for any
length of time; and the response of the instrument to changes of humidity
tends to be slow.
Several methods are employed for measuring sea-surface temperature.
At this point we consider the methods used by mariners and turn to satellite
and other remote-sensing techniques later in the chapter. We focus first upon
the bucket method, in which a sample of sea water is drawn up in a bucket and
its temperature measured by means of a liquid-in-glass thermometer.
The
bucket, which must be strong enough to withstand the water pressure whilst
being towed, is normally made of double-skinned canvas or rubber reinforced
with canvas. Its capacity is ideally 4 to 6 litres, so that a water sample of
at least 3 litres can be obtained (Figure 5.8).
A bucket made of
single-skinned canvas is not suitable, partly because it is unlikely to be
robust enough to be towed through the water, particularly from a fast-moving
ship, and partly because evaporation of water from its sides causes the sample
to be cooled. The bucket must not be drawn along the surface of the sea, for
the sample collected then contains spray which has been in contact with both
sea and air and therefore possesses an intermediate temperature. The water
sample should be obtained from a depth of a metre or less, and care must be
taken to avoid collecting water which has been modified thermally by the ship
itself. Once the water has been drawn on board, its temperature should be
measured immediately, making sure this is done in the shade. The water should
be stirred gently for about a minute before the temperature is read, but the
observer's fingers must not enter the water and thereby modify its temperature.
Sea-surface temperature can also be measured by means of a thermometer
placed in the water supplied to the engine-room (the engine-room intake).
Indeed, this is the method used aboard the majority of mobile sea stations.
The bucket method is prevalent only aboard ships registered in Belgium,
Brazil, Canada, China, Denmark, the Federal Republic of Germany, India,
Malaysia, The Netherlands, Pakistan, Singapore, Spain, Switzerland, Tanzania,
Thailand and the United Kingdom.
The accuracy of the engine-room intake
method is questionable, partly because water is drawn from varying depths as a
ship rolls and pitches and partly because water is warmed when it passes
through oil or water tanks on the inside of the hull or through pipes which
are at or close to the engine-room temperature. The method is often
convenient, particularly when the bucket method cannot be used because the sea
is rough, the speed of the ship too great, or the bridge too high above the
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Figure 5.8 - Canvas bucket
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water-line (when the vessel is in ballast, for example). On fishing vessels
which possess bait tanks the temperature of the sea water circulating through
the tanks can be assumed equal to the sea-surface temperature.
Distant-reading thermometers are also used for measuring sea-surface
temperature. These take various forms. On some ships, the temperature sensed
by a submerged electrical-resistance thermometer attached to the hull is read
from a dial on the bridge or a dial in the engine-room. This is convenient,
but the thermometer can easily be damaged (by flotsam or by ice, for
example). To overcome this problem, the thermometer can be attached to the
inside of the hull, although there is then the objection that the sensor is
not in contact with the sea. Even though steel is a good conductor of heat, a
thermometer placed on the inside of the hull tends to respond rather slowly to
changes of water temperature. Alternatively, the thermometer can be located
behind a grille in a small cavity in the side or bottom of a ship (close to
the inlet valve through which water is fed to the engine-room). A further
kind of distant-reading thermometer is the "trailing thermistor", an
electrical device which is towed alongside the vessel and transmits
temperature data along a cable connected to an indicator on the bridge. The
temperature measurements provided by this device agree closely with those
obtained by the bucket method.
Furthermore, considerably less effort is
required to measure temperatures by means of a trailing thermistor than by the
bucket method. However, care must be taken to ensure that the thermistor
becomes immersed and does not merely skip along the surface of the sea.
Finally in this survey of methods used for measuring sea-surface
temperature, we note that the amount of infra-red radiation emitted from the
surface of the sea can be measured from a ship by means of a sensor (a
radiation thermometer) mounted on the bow or suspended from a boom extending
over the water. This method is accurate but expensive.
Before proceeding to study instruments used for measuring sub-surface
temperatures in the sea we pause to consider what is meant by "sea-surface
temperature". By international agreement, all of the aforementioned methods
are suitable for measuring sea-surface temperature, yet only one yields the
temperature of the water surface itself. Only the radiation method yields the
temperature of the film of water a fraction of a millimetre thick which is in
contact with the atmosphere (the "skin temperature"). In contrast, the bucket
and trailing thermistor methods measure the temperature of the uppermost 10 to
20 cm of the ocean (the "surface-layer temperature"), while the engine-room
intake method and the methods involving thermometers attached to the hull
monitor temperatures a few metres below the surface. At any given time and
place, the temperatures recorded at the various depths are not necessarily the
same. Indeed, they sometimes differ by as much as 1 °C. In general, however,
weather forecasters do not consider the differences significant, though
research scientists do.
Observers should remember that sea-surface
temperature values may be used for a variety of purposes. Measurements should
always be made as carefully and accurately as possible, with thermometers read
to the nearest tenth of a degree.
Sub-surface temperatures are not included in routine meteorological
reports from ships (those made using the code form FM 13-IX SHIP, which we
study later in this chapter).
Instead, they are included in bathythermal
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reports (FM 63-V BATHY) and in reports of temperature, salinity and current
(FM 64-V TESAC). Measurements of temperatures beneath the surface layer of
the sea have long been made by observers aboard ocean weather ships and by
oceanographers working from research vessels. Observers aboard ships of
opportunity have been making them since about 1975. Such ships are passenger
or cargo vessels which travel regularly through areas of oceanographic
interest and from which simple measurements can be made without stopping or
otherwise interfering with the vessel's normal routine. Observers aboard
ships of opportunity use an instrument known as an expendable bathythermograph
(XBT).
A bathythermograph is an instrument which records changes of
temperature in relation to depth. In the mechanical type, which has been used
since about 1950 but has largely been superseded by the XBT (which was
introduced about 1970), the temperature sensor consists of a copper tube
(about 15 m long) filled with xylene. This liquid expands and contracts with
changes of water temperature, the changes of volume being transmitted (by
means of a Bourdon tube) to a stylus which moves over a smoked or gold-plated
glass slide, which is itself caused to move at right-angles to the direction
of the stylus (by means of pressure-sensitive bellows) as it sinks through the
water. The instrument is fastened to a wire and lowered into the sea until it
reaches a predetermined depth (typically 60, 140 or 270 m). It is then
retrieved and the trace on its slide read against a calibration grid. The
temperature range of a bathythermograph is -2 ° C to 32 ° C, and the instrument is
accurate to within 0.2 ° C and 2 m.
An expendable bathythermograph (Figure 5.9) is an electronic device in
which the sensor is a thermistor. As its name suggests, an XBT is not
reused. It is dropped over the ship's side and is not retrieved.
The
thermistor is housed in the nose of a small streamlined case and is connected
by a spool of fine copper wire to a chart recorder on board the vessel. The
wire breaks when it has all been paid out. Wire is normally supplied in
lengths of 450 or 760 m, but in special circumstances probes measure to even
greater depths, sometimes as much as 1 800 m. The depth of an XBT at any
given moment is not measured. It is estimated, the assumption being that the
device sinks at a constant rate. The temperature range of the instrument is
-2 ° C to 35 ° C and its accuracy ±0 .1 ° C. Estimates of depth are accurate to
+30 m at a depth of 760 m. An XBT is easy to use and ideal for rapid
sampling. Moreover, it can be dropped from an aircraft, along with a small
buoy which contains a radio transmitter capable of transmitting temperature
data to the aircraft whilst its flight continues. In this way, temperatures
can be measured to depths of 300 to 800 m.

Reversing thermometers are used for measuring temperatures in deep
water. These are mercury-in-glass instruments attached to bottles, known as
Nansen bottles, which are used to collect water samples.
In practice,
thermometers are attached in pairs, one protected against the effects of water
pressure, the other unprotected. A protected thermometer is enclosed in a
case made of thick glass, so that compression of its bulb and stem by water
pressure does not occur.
An unprotected thermometer does not possess such a
shield. Because of compression, the temperature indicated by an unprotected.
thermometer is higher than that indicated by a protected thermometer, the
difference being a measure of the hydrostatic pressure exerted by the water.

OBSERVATIONS
As the increase of pressure with depth in the sea is 0.1 atmos/m,
corresponding depth of water can be calculated.

Figure 5. 9 - (left) An XBT launcher and
transparent casing
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(right) and XBT on display in a

Nansen bottles are placed at regular intervals along a wire cable and
winched down into the water column. Once the bottles reach the required
depths, a small weight, called a messenger, is allowed to slide down the
cable. This trips a catch on the uppermost bottle, which causes the bottle
and attached thermometers to become inverted. The catch on the next bottle is
then released, so that the bottle and attached thermometers become inverted,
and so on until all the catches have been released.
When a reversing
thermometer rotates through 180 ° , its mercury column breaks at a point of
constriction between the capillary and the bulb (Figure 5.10), after which the
mercury drains to the other end of the stem to record the temperature at the
depth at which reversal occurred. The thermometer is thereafter insensitive
to changes of temperature, so it can be retrieved and the water temperature
read. However, a small correction must be applied if there is a difference of
temperature between the sampling depth and the deck of the sea station,
because the glass of the thermometer responds to changes of temperature. A
reversing thermometer is accurate to ±0. 04 ° C or better, but it possesses two
disadvantages, compared with a bathythermograph:
it provides spot values,
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rather than a record of temperature variations with depth, and the vessel must
stop to make measurements. On the other hand, it can be used to much greater
depths than a bathytherrnograph (to 6 000 m).

V
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l

Figure 5.10 - A protected
reversing thennometer, sho
wn (left) upright
descending) and (right) inv
erted (as when being raised (as when
M - mercury bulb
and read)
D - break-off point
V - accessory bulb
L - loop
C - capillary
S
- temperature reading
E - branch
T
auxiliary thermometer
For explanation, see text (se
ction 5.2.13)
5.3
Salinity measurements
When a Nansen bottle turns
upside
thus enclosing a sample of
water (called in
in a laboratory, either ash
ore or on board
of the sample can be measur
ed, either by

down, it is automatically
sealed,
situ water) which can be
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tivity
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method.
The former, the classical (or Knudsen) method of ascertaining
salinity, involves measuring chlorinity by means of titration with a solution
of silver nitrate of precisely known strength. Then, salinity is calculated,
using the following formula: Salinity = 1. 80655 x Chlorinity. The accuracy
of this method in r0utine use is ±0.02 % 0 . The conductivity method, which
involves measuring the electrical resistance of a sample of sea water, is much
more precise, the accuracy being +0.001 % 0 under the most carefully
controlled laboratory conditions, ±0. 003 % 0 in routine use.
It is also a
convenient method to use on board ship, salinity measurements being obtained
much more quickly than by titration. Salinity values can also be obtained (to
an accuracy of ±0.02 % 0 ) by measuring the refractive index of a sample of
sea water.
5.3.1
Salinity can be measured directly, rather than in the laboratory, by
means of salinity-temperature-depth (STD) and conductivity-temperature-depth
(CTD) instruments.
These both contain sensors whose resistances vary with
salinity, temperature and pressure.
Additional sensors can be attached to
both instruments, particularly to measure turbidity, sound velocity and
amounts of dissolved oxygen. The CTD instrument is lowered into the sea on
the end of a cable along which signals fram the sensors are transmitted to
indicators and recorders on board ship. The STD probe is also lowered into
the sea on the end of a cable but its readings are not transmitted to
indicators and recorders. They are plotted internally as graphs - one of
salinity against depth, the other of temperature against depth.
The CTD
instrument is the more accurate of the two, with accuracies of ±0.005 % 0 for
salinity, ±0.001° C for temperature and ±1 m for depth. It normally contains
two temperature sensors operating simultaneously, one a thermistor, which
responds very quickly to temperature changes, the other a platinum-resistance
thermometer, which is very accurate. The thermistor is sensitive to smal 1
temperature changes, and the resistance thermometer is used to calibrate the
thermistor and the conductivity cell. As the stability of conductivity cells
is unpredictable, however, the salinity readings of CTD and STD instruments
should be checked frequently, by laboratory analysis of water samples obtained
in Nansen bottles. Both instruments are expensive, but can be used repeatedly.
5.4

Barometers

Barometers are instruments used for measuring atmospheric pressure.
We include barographs, which are self-recording barometers. Pressure is
defined as the force per unit area exerted on a surface by the liquid or gas
in contact with it; and the pressure of the atmosphere at any point is the
weight of the air which lies vertically above that point.
The SI unit of
pressure is the pascal (symbol Pa), 1 Pa being 1 N/m 2 (newton per square
metre). The units commonly used in meteorology are the millibar (mb) and
The hectopascal is used
hectopascal (hPa); 1 mb
1 hPa
10 2 N/m 2•
throughout this Compendium. As the mass of the atmosphere above each square
metre of Earth's surface is about 10 4 kg, the pressure at sea level is about
10 3 hPa. In fact, the mean value for the globe is 1013. 25 hPa (which is
equivalent to 14.7 lb/in 2).

=

=
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Mercurial
-- - - - -barometers
--- -

Aneroid and mercurial baromete-rs are used for measuring atmospheric
pressure. We consider the mercurial type first, adopting the name now used
universally: mercury barometer. The principle of this instrument is simple
(Figure 5.11): a column of mercury is supported in an upright glass tube
which is a little less than a metre in length and closed at one end; the open
end of the tube is immersed in mercury contained in an open cistern; a vacuum
exists between the meniscus of the mercury and the closed end of the tube; and
the weight of the mercury column in the tube above the level of the mercury in
the cistern balances the atmospheric pressure exerted on the exposed surface
of the mercury. However, the length of the column above this surface depends
not only on atmospheric pressure but also on altitude (because pressure
decreases with height). It also depends upon the acceleration due to gravity
(which is a function of latitude and altitude) and the mercury's density
(which is a function of temperature).
Accordingly, corrections for temperature, latitude and altitude must
be applied in order to standardize pressure readings, with allowance made for
the fact that the height of the barometer above the water-line changes when
the vessel is loaded or unloaded. The length of the mercury column above the
exposed surface is 750.062 mm (29.530 inches) when the atmospheric pressure is
1 000 hPa, provided the temperature is 0 ° C and the acceleration due to gravity
the internationally agreed standard value, 9. 80665 m/s 2 • Mercury barometers
must also be corrected for capillarity, the tendency of liquids in narrow
tubes to rise above or fall below the hydrostatic level.
This generally
depresses the mercury in the tube, and an appropriate correction for this
effect has to be incorporated in the barometer's index error, which is
ascertained when the instrument is calibrated. In addition, movements of the
ship and pressure fluctuations associated with gusts of wind cause the mercury
column to oscillate up and down the tube Can occurrence known as pumping).
The range of the oscillations is sometimes as much as 2 hPa and the pumping is
often irregular. In order to obtain an accurate pressure value, the observer
is advised to take three pairs of readings over a period of a few minutes, one
of each pair being the highest level reached by the mercury, the other being
the lowest. The value recorded in the log-book is the mean of the six
readings.
5.4.2

Aneroid barometers

Until the 1960s, consistently accurate measurements of atmospheric
pressure could be made only with mercury barometers. Since then, however,
reliable aneroid barometers have been available, and the mercury barometer has
declined in importance. Almost all sea stations now use the aneroid barometer
for measuring atmospheric pressure. In its simplest form, this instrument
consists of a shallow circular capsule of thin corrugated metal which is
exhausted of air and hermetically sealed, but in some instruments several
capsules are employed. Changes in the dimensions of the capsule (or capsules)
caused by changes in atmospheric pressure are magnified mechanically,
optically or electrically, so that values of atmospheric pressure can be read
on a convenient scale (Figure 5.12). The pressure reading is generally
indicated by means of a pointer on a. dial, but in the precision aneroid
barometer, which is now used on board most ships registered in Australia, New
Zealand and the United Kingdom, a digital display is used. The correct
reading is indicated by means of a small cathode-ray tube (a magic eye) .
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i - Correct position of the observer
The eye of the observer and the lower edges
of the front and back of the cursor are all in a
horizontal plane tangent to the meniscus.

11 - Incorrect position of the observer
In neither case is the eye of the observer in
the horizontal plane tangent to the meniscus,
and the result in both cases is too high a
reading.

Figure 5.11 - The mercurial barometer
Schematic representation of the instrument
(a)
Vernier, showing reading of 1012.7 hPa
. (b)
Correct and incorrect positions of the observer
(c)
For further explanation, see text (section 5.4.1)
Aneroid barometers are light and portable and free from the problem of
pumping. Moreover, manufacturers compensate them for temperature changes, so
pressure readings need be corrected only for altitude. A precision aneroid
barometer is considerably more accurate than an aneroid barometer with a dial
and pointer <±0 .1 hPa compared with ±:0. 5 hPa). The latter should always be
tapped gently before a reading is taken, because the pointer is liable to
stick.
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5.4.3

The readings of a barograph are recorded by the movements of a pen
over a suitable chart, and the recorded trace is called a barogram. The chart
is wrapped around a drum which is driven by a clockwork motor. On the type of
barograph which is used for recording details of pressure changes, the drum
performs one revolution per day. On the type generally used at sea, it
performs one revolution per week (so the chart should be changed weekly). Two
sizes of chart are commonly used. Both cover the range 950 to 1 050 hPa, but
on the open-scale barograph the scale of the chart is 1 � 8 mm/hPa, while on the
small-scale barograph it is 1.3 mm/hPa. To limit the complexity of the system
of levers which converts changes in the dimensions of the pressure sensor to
movements of the pen, and to maximize the distance travelled by the pen in
response to pressure changes, the aneroid unit of a barograph comprises a set
of small capsules connected in series or, alternatively, a large vacuum
chamber. To counteract the effects of vibration, ship motions and the
pressure changes caused by gusts of wind, which all tend to perturb the pen
and make the trace a ribbon of appreciable width, rather than a fine line, two
damping devices are employed (Figure 5 .13): the sensor is immersed in oil
inside a brass cylinder, and the barograph is mounted on an anti-vibration
support (which takes the form of a metal tray suspended from fixed brackets by
a number of elastic cords). To minimize the risk of the pen swinging away
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from the chart the barograph is generally mounted athwartships. A barograph
is not a precision instrument and should never be used as an alternative to
the barometer when accurate readings of atmospheric pressure are required. It
possesses the advantage that it records pressure variations graphically.
Thus, it provides a means of gauging pressure trends and ascertaining the
times of occurrence of transient pressure events, such as those which
accompany the passage of cold fronts and line squalls.
The pressure trend, or barometric tendency (defined as the change in
sea-level pressure during the previous three hours), is important for mariners
and weather forecasters alike, because it provides a measure of atmospheric
changes which are taking place. The tendency is obtained from a barogram,
readings being taken, if possible, to the nearest 0.1 hPa. The nature of the
pressure change (its characteristic) is also an important piece of information
for mariners and weather forecasters. When a depression is approaching, for
example, pressure generally falls steadily; when an anticyclone
is
intensifying, it generally rises steadily. In contrast, the passage of a cold
front is typically preceded by falling pressure and followed by rising
pressure.
5.4.4

Everywhere in the world, except at the poles, pressure rises and falls
regularly every day. Maximum values occur at about 1000 and 2200 hours Local
Time, minima at about 0400 and 1600 hours (Figure 5.14). This phenomenon is
called the diurnal variation. Its amplitude increases from zero at the poles
to almost 1.5 hPa at the equator. In middle and high latitudes, the diurnal
variation is usually not evident on barograms because pressure changes
associated with depressions and anticyclones tend to be considerably greater
in magnitude. In low latitudes, however, where day-to-day pressure changes
are generally small, the diurnal variation is conspicuous. Indeed, to assess
whether or not pressure changes in these latitudes indicate changes in the
weather, allowance must first be made for the diurnal variation. For example,
as noted in Chapter 4, the mariner should suspect the approach of a tropical
cyclone if, after correction for the diurnal variation and other possible
sources of error, the pressure reading is more than 3 hPa below that expected
for the locality. When observers report readings of barometric pressure and
barometric tendency, or enter them in log-books, they should not apply
corrections for diurnal variation.
It is part of the routine in
meteorological offices to apply necessary corrections to barometric readings,
including a correction for the vessel's speed and direction (because the
vessel normally travels some distance in three hours).
5.5

Upper�air measurements

5.5.1

Radiosondes
------

Measurements of pressure, temperature and humidity in the upper
atmosphere are commonly made by means of sensors on board radiosondes. As the
name suggests (the German word sonde meaning "probe"), a radiosonde is a
device which sounds the atmosphere and transmits its readings by radio to the
station from which it was launched. It is carried aloft by a balloon filled
with hydrogen or helium and normally reaches a height of 20 to 25 km.
Hydrogen is inflammable and potentially explosive, so great care must be taken
when it is used. Helium is inert and therefore safe. The altitude of a
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Figure 5.13 - Marine barograph, showing A B C D For

the gate suspension to which the pen arm is attached
the principal lever
the adjustment screw
the device for making a time mark on the chart
further explanation, see text (section 5.4.3)
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10 ° N or S and 10° to 20 ° N or S
radiosonde at a given pressure level is not measured; it is calculated, using
temperature and pressure readings taken during the sounding (or "ascent"). A
graphical method can be employed, using an aerological diagram (Figure 5.15).
Alternatively, a formula derived from the hydrostatic equation (p 2 -p 1 =
-gp�z) can be applied iteratively, namely:

g

where �z is the thickness of the layer between pressure levels p 1 and
p 2, Tm the mean temperature of the layer, g the acceleration due to
gravity and R the gas constant for dry air. Temperatures measured by sensors
aboard radiosondes range in accuracy from ±1 ° C in the lower troposphere to
+2 ° C or more in the stratosphere. Relative humidity values are accurate to
+5% at best. Indeed, they become progressively less accurate as temperature
falls; and when the temperature is below about -40° C they are so inaccurate as
to be useless (the reason being that hysteresis of the humidity sensor
increases as temperature falls). Radiosondes are launched routinely at 0000
and 1200 UTC from numerous land stations around the world and from the ocean
weather ships. They are also launched from about 30 of the ships in the
world's Voluntary Observing Fleet. Some are merchant ships, others research
vessels.
5.5.2

Tracking_balloons

Upper-level wind speeds and directions can be ascertained by following
the track of a radiosonde balloon, using radar, a radio-theodolite, or (rarely
nowadays) an optical theodolite. When radar is used, as it generally is these
days, a specially designed reflector made of wire mesh (a "radar target") is
carried aloft by the balloon, and measurements are made of its �ange,
elevation and azimuth.
The radiosonde is suspended beneath the reflector.
When a radio-theodolite is used to obtain information about wind speeds and
directions no additional apparatus is attached to the balloon. The basis of
the method is that anglss of elevation and azimuth can be ascertained by means
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Figure 5.15 - Ascertaining thickness graphically from an
aerological diagram.
Where the fall of
temperature with height between two levels is
linear, thickness can be read directly from the
appropriate row of dots. Where the fall is not
linear, as between 600 and 700 hPa, a
construction line must be drawn and the method
of equal areas applied. Thus, the thicknesses
shown on Figure 5.15 are:
700 to 600 hPa - 1 216 metres
600 to 500 hPa - 1 387 metres
500 to 400 hPa - 1 619 metres
The total thickness of the layer between 700
and 400 hPa is therefore 4 222 metres
of a direction-finder (a receiver coupled to an aerial which rotates about
both horizontal and vertical axes). Of the two methods, that employing radar
is the more accurate, providing values accurate to ±5 ° and +10% of the wind
speed.
Pilot balloons with no attached instruments are also used for
obtaining information about upper winds, typically at 0600 and 1800 hours
UTC. They are generally smaller than the balloons which carry radiosondes
aloft and are normally tracked by radar. They are assumed to ascend at a
constant rate.
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Measurements_from satellites

Pressure, temperature and humidity in the upper atmosphere can be
measured, and upper-level wind speeds and directions ascertained, not only by
means of radiosondes and pilot balloons but also by a variety of other means.
For example, devices on board satellites can be used to sound the troposphere
and stratosphere, yielding values of temperature accurate to ±2 ° C and values
of relative ·humidity accurate to within about 25%. Temperatures at fixed
pressure levels, such as 200 and 500 hPa, can be measured (to ±0.5 ° C) by means
of thermometers attached to balloons which float on isopycnic (constant
density) surfaces. Wind speeds and directions at these levels can be
ascertained (to ±1.5 m/s and ±5 ° , respectively) by following the tracks of the
balloons, using satellite position-fixing systems.
They can also be
ascertained (to ±3 m/s and ±2 ° or 3 ° ) by means of navigational systems aboard
commercial aircraft and (to ±2 m/s and ±5 ° ) by following the tracks of
dropsondes (radiosondes parachuted from aircraft). Moreover, between the
parallels of 55 ° N and 55 ° S, they can be ascertained by measuring the movements
of clouds shown on images derived from geostationary satellites; in this case,
wind directions are accurate to ±10 ° and wind speeds are accurate to ±3 m/s at
the 850 hPa level, ±4 m/s at the 250 hPa level. Temperatures measured by
dropsondes are accurate to +1 ° C.
5.6

Anemometers and anemographs

The speed of the wind over a land or sea surface is measured by a
fixed or hand-held instrument Jmown as an anemometer, and the direction of the
wind is indicated by a vane or wind-sock. An instrument which records wind
speed and direction is called an anemograph. Although wind speed can be
measured by means of a Pitot tube or by means of a propellor rotating about a
horizontal axis, the type of anemometer commonly used nowadays consists of
three or four cups which are conical or hemispheric in shape and mounted
symmetrically about a vertical shaft (Figure 5.16). The shaft is attached to
the rotor of a dynamo, and the electromotive force which is generated when the
cups rotate is a measure of the wind speed. Some wind vanes serve merely as
pointers to show the direction from which the wind is blowing. Others provide
readings of wind direction on a dial or digital display by means of an
electrical transmitter (such as a magslip).
Anemograph records (called
anemograms) are produced by feeding the outputs from the transducers to units
which cause pens to move over a chart, with speed and direction recorded
separately on adjoining strips of the chart (Figure 5.17). Anemometers are
generally not sensitive to wind speeds below about 2 m/s. Their accuracy
ranges from ±0.5 m/s at low speeds to ±1.5 m/s in hurricane-force winds. Wind
vanes provide direction values accurate to ±5 ° . Anemographs are useful for
displaying the variability (gustiness) of wind over a period of time but are
not as accurate as anemometers and vanes. The standard height for measuring
wind is 10 m above the ground.
Anemometers, vanes and anemographs are used mainly at land stations
and fixed sea stations. They are not normally used aboard mobile sea
stations, for three reasons: they are expensive; a moving ship disturbs the
air flow; and, in order to obtain actual values of wind speed and direction
from the apparent values indicated by instruments, allowance has to be made
for the speed and direction of the ship (by means of a parallelogram of
velocities). In practice, wind speed is usually estimated from the appearance
of the sea surface (using the Beaufort Scale) and wind direction is normally
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Figure 5.16 - Cup anemometer with wind vane, dials and recorder
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Figure 5.17 - Anemogram
judged by the alignments of waves and spray. Alternatively, and particularly
on dark nights, when the surface of the sea cannot be seen clearly, wind speed
and direction can be ascertained by the drift of smoke from the funnel or by
the feel of the wind on the face or a moist finger, although with these two
methods, as when a vane is used, allowance must be made for the course and
speed of the ship.
5.7

Measurements of sea state

5.7.1

Beaufort's
-Limitations
----- -of-- - -- Scale

As pointed out in Chapter 3, the limitations of the Beaufort Scale
must be borne in mind. In particular, care must be exercised when the fetch
and duration ·of the wind are limited, because the Beaufort Scale strictly
applies only to a fully developed sea well away from land. Furthermore, the
appearance of the sea surface is affected not only by the wind but also by
precipitation, tidal streams and other currents in the upper ocean, swell,
and, in shallow water, interactions between wave motions and the sea bed.
When assessing the state of the sea, an observer should take up a position
from which there is a clear view in all directions. The ship's compass is
usually located in such a place; indeed, compass bearings can help the
observer ascertain wind direction. However, the wind direction relative to
true north, not magnetic north, must be logged and reported, and it should be
quoted to the nearest ten degrees.
In most 1 ight conditions, a view to
windward is best for judging wind direction.
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5.7.2

Wave
recorders
-----

A device known as a wave recorder can be used to measure up and down
motions of the sea surface. There are various types, the most notable being
the Waverider Buoy and the Shipborne Wave Recorder. The Waverider Buoy floats
on the surface of the sea and measures vertical motions by means of an
accelerometer. The Shipborne Wave Recorder also measures heave by means of an
accelerometer but, as its name suggests, is mounted on board a ship. It is
sited as close to the intersection of the roll and pitch axes as possible and
can be used only when the ship is stationary or moving at less than 1 m/s.
Radio telemetry is used for transmitting data from Waverider Buoys to ships,
rigs or shore stations up to 50 Jan away. Chart recorders and electronic
loggers are used for recording data from Shipborne Wave Recorders. The
records obtained can be subjected to harmonic analysis, and the features of
the principal trains of waves and swell can thus be identified.
Wave
measurements can also be made from fixed structures and from aircraft and
satellites, the techniques most commonly used being radar, laser and radio
altimetry.
Wave recorders are used at some fixed sea stations and on a number of
research vessels, but they are rarely fitted to merchant ships.
Observers
aboard merchant ships must estimate wave heights, periods and directions
visually, distinguishing between waves and swell and making sure that waves
generated by the vessel itself are ignored. For various reasons, it is
important that wave observations are made as carefully as possible. For
example, as noted in Chapter 3, the wave height estimated by an experienced
mariner can be used quantitatively by scientists and engineers, because it is
approximately equal to the signi.ficant-wave height. Also, as mentioned in
Chapter 4, the appearance of swell from an unusual direction can indicate the
approach of a tropical storm or cyclone.
Indeed, observations of swell
direction at three or four widely separated sea stations can be used to locate
the centre of any weather system containing winds strong enough to generate a
pronounced swell.
5.7.3

Visual_techniques

Wave direction can most easily be ascertained by taking a bearing
along the wave crests, remembering that the crests lie at right-angles to the
required direction.
The same technique can be used to ascertain swell
directions. Like wind directions, wave and swell directions are always logged
and reported as directions (to the nearest ten degrees) relative to true
north, not magnetic north. Directions are conventionally those from which the
trains of waves or swell approach the observer.
To measure wave period (the time interval between successive wave
crests), an observer should use a stop-watch or, if this is not available, an
ordinary watch with a seconds hand. The observer should not normally estimate
wave period by counting seconds. A distinctive patch of foam or a small
floating object some distance from the ship is selected and the time it takes
to oscillate from one crest to the next is measured.
The procedure is
repeated for the larger waves of successive groups until about twenty
measurements have been made. The average is then taken. It is important to
note that measurements of wave period cannot be made by timing crests as they
pass a point on a ship, especially when the ship is under way. There are
three reasons: the vessel is moving relative to the waves; it creates waves
itself; and it forms an obstacle, thereby distorting wave fields.
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For estimating wave height, the observer has a choice of routines, the
determining factor being the length of the waves compared with the length of
the ship. When the ship spans two or more crests, the waves at or on her side
should be observed and their height estimated at a moment when pitching and
rolling is least. Ideally, the observer should take up a position as near the
water-line as possible, on the side of the ship facing the approaching waves.
A position amidships is preferable, to minimize observational problems caused
by pitching. When the length of the waves is greater than the length of the
ship, so that the ship rises bodily with the passage of each crest, the
observer's position should be such that a straight line from his or her eye to
the horizon forms a tangent to an approaching wave crest. Again, the observer
should be as near amidships as possible. At the moment when the observation
is made, the ship should be in the middle of a wave trough CFigure 5. 18) .
Thus, errors caused by pitching and rolling can largely be avoided. When
waves are longer than the ship but small in height, estimates of their height
are best made from a position as near the water-line as possible. The larger
waves of groups should be observed and the average of about twenty estimates
of wave height taken.
In general, there is a tendency for observers to
overestimate wave height when waves are short and underestimate it when they
are long. Whatever the size of waves, it is difficult to estimate their
height from a high bridge on a fast-moving ship.
Not even the most
experienced observer should attempt to do so, unless there is no alternative.
Wave period normally cannot be measured at night or at times of low
visibility, and wave height often cannot be estimated in these circumstances,
either. At such times the observer can generally do no more than ascertain
wave and swell directions.

--------------.

-

(a)

(b)
Figure 5.18 - Estimation of wave height from a ship, showing (a) the correct
and Cb) incorrect positions of the ship at the moment of
· observation.
The position of the observer is shown by the
letter 0
5.8

Estimates of visibility

Visibility through the atmosphere is reduced by smoke, airborne dust
and sand, wet hygroscopic particles,
raindrops and other forms of
precipitation, wind-blown spray (spindrift) and the tiny water droplets which
constitute mist and fog. Mist is the term used when visibility is better than
1 km and the relative humidity 95% or more. Haze is the term used, whatever
the horizontal visibility, when the relative humidity is less than 95% and
visibility is reduced by solid particles suspended in the atmosphere.
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5.8.1
For safe navigation and efficient handling of a vessel, from the
largest supertanker to the smallest fishing boat or pleasure craft, visibility
is a most important meteorological factor. Many collisions and strandings
have occurred when visibility has been poor.
Fog banks are sometimes
extensive, covering thousands of square kilometres, but often they are
localized. For example, fog may be present over the sea when it is not over
adjacent land, and vice versa. Moreover, fog may be present only over coastal
waters or only over certain coastal areas. Wherever it occurs, it may be
patchy.
To some extent, satellite surveillance can help meteorologists
resolve spatial distributions of fog, but there are many occasions when there
is no substitute for observations made aboard ships. Indeed, it is all but
impossible to distinguish fog from low Stratus clouds on satellite pictures.
Accordingly, it is imperative that estimates of visibility be made as
carefully as possible.
On land, such estimates can normally be made easily, because there is
usually no shortage of suitable objects at known distances for an observer to
use as reference points. Even at night, reliable estimates can still be made,
using selected lights at known distances. At sea, estimates of visibility
cannot be made so easily, except near coasts; and at night the estimation of
visibility is usually difficult, unless lights ashore or the lights of other
ships can be seen. Caution should be exercised, however, when using a very
bright light (such as that from a powerful lighthouse) to estimate visibility,
as that light may be visible when lights of lesser brightness (such as the
navigation lights of a ship) are not. It is important to note that objects
should not be considered visible unless they can be seen reasonably clearly.
When using the horizon to estimate visibility, an observer should remember two
points: the distance of the horizon depends upon his or her height above sea
level; and abnormal refraction can give a false impression of visibility
(Figure 2.21). When using objects on land to estimate visibility, an observer
aboard a ship should further remember that the slant visibility to an elevated
feature (such as a tower or hilltop) may be much greater than the horizontal
visibility. This is typically so when a shallow layer of fog is present.
When fog is so thick that one end of a ship cannot be seen from the other, an
observer can usually estimate visibility easily, from knowledge of the
distances to objects on deck. Visibility meters and recorders are commonly
used ashore but are not suitable for use at sea.
5.8.2

Use of radar

By day or night, the distance of a large object such as a ship can be
measured by means of radar. However, seafarers should remember that water
droplets in the atmosphere absorb microwaves and thus attenuate radar beams.
Therefore, caution should be exercised in foggy weather, or when precipitation
is falling, as radar targets may be masked, especially those which are not
close at hand. The range of a radar system is also reduced when the degree of
refraction of microwaves during their passage through the atmosphere is less
than usual (a phenomenon called subrefraction). This occurs when humidity
increases with height or the lapse rate of temperature is superadiabatic, or
when both of these atmospheric states are present simultaneously. These
conditions do not exist very often at sea, and subrefraction is not normally
noticeable when they do. The range of a radar set is increased when the
degree of refraction is greater than usual
Ca phenomenon
called
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superrefraction).
This occurs when humidity falls with height or a
temperature inversion exists near the surface, or when both atmospheric states
are present simultaneously. It occurs frequently over the sea. Although a
low-level temperature inversion often accompanies advection fog, which forms
(Chapter 2) when warm humid air passes over a relatively cool surface,
conditions suitable for superrefraction occur most frequently when the warm
air passing over relatively cool water is dry and the weather therefore
clear. In general, subrefraction is pronounced when the air temperature (dry
bulb) is at least 5 ° C lower than the sea-surface temperature. Superrefraction
is pronounced when the air temperature is at least 5 ° C higher than the
sea-surface temperature.
5.9

Precipitation measurements

The ability of water droplets in the atmosphere to absorb microwaves
is a mixed blessing. On the one hand, it is inconvenient and sometimes
dangerous, because it causes radar targets to be indistinct or masked. On the
other, it is advantageous, because, as a consequence, radar can be used to
detect rain, snow and hail and to measure precipitation amounts.
Indeed,
several countries have developed integrated radar and satellite observing
systems, to some extent for measuring amounts of precipitation but mainly for
detecting
intense
but
short-lived
precipitation
systems
(such
as
thunderstorms) and so providing appropriate warnings. Radar aboard ships can
be used to detect precipitation, particularly heavy rain (in tropical
cyclones, for example, and in vigorous cold fronts), but they cannot be used
to measure precipitation, because of the need for calibration against a
network of rain-gauges. In fact, as noted in Chapter 4, precipitation cannot
easily be measured accurately at sea, for various reasons: a rain-gauge tends
to collect spray; the air flow over a gauge is disturbed when a ship is
moving; a gauge moves with the ship (and even when mounted on gimbals tends to
swing in the wind); and a point measurement cannot be obtained, because the
ship is moving. A vessel may travel in the same direction as a warm or
occluded front, for example, in which case precipitation falls on the ship for
longer than if it were stationary. Thus, a precipitation measurement made
aboard a moving ship can never be comparable with one made at a land station
or fixed sea station.
5.9.1

Despite the difficulties of measuring precipitation at
sea,
rain-gauges are nevertheless used aboard a number of fixed sea stations and
aboard some research vessels.
The instrument used most commonly is an
ordinary rain-gauge consisting of a funnel leading into a suitable receptacle
Ca metal can or glass bottle). It may be mounted rigidly or on gimbals and
may be used with a wind shield or without. The shield reduces or eliminates
the effects of eddies created by the gauge itself and reduces the vertical
component of air motions close to the mouth of the funnel. As rain-gauges on
ships do not remain vertical, however, those on gimbals included, the
effectiveness of shields is open to question. The air flow around a gauge
which is not upright may be more distorted when a shield is fitted than when
one is not.
A marine rain-gauge, designed for the purpose, is also used
aboard ships.
This consists of a conical collector leading into a
measuring-glass. Alternatively, the rain-water may drain through a tube to a
receptacle on deck or on the bridge.
The gauge is fixed in an elevated
position with its orifice parallel to the deck. Recording rain-gauges can
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also be used aboard ships. Signals are transmitted from receptacle to
recorder by electrical or mechanical means, the recording generally taking the
form of a trace left by a pen on a chart attached to a rotating drum.
A
rain-gauge should be mounted well forward on a ship and as high as possible.
Three requirements should be met: the superstructure must not significantly
disturb the air flow around the gauge; the gauge must not collect spray; and
rain must not splash into the gauge from the superstructure or antennae.
5.10

Observations of clouds

Precipitation may be continuous, intermittent or showery and may fall
as rain, freezing rain, drizzle, freezing drizzle, sleet, snow, snow grains,
snow pellets, ice pellets, hail, or ice prisms. Showers are produced by
convective (cumuliform) clouds and typically last for 15 to 20 minutes, after
which there is a bright period lasting anything from several minutes to an
hour or more. Layered (stratiform) clouds produce continuous or intermittent
precipitation,
which
may
last
for several
hours.
The
principal
characteristics of clouds and precipitation and the processes involved in
their formation are studied in Chapter 2. Here, we merely describe the
various types of cloud and precipitation, so that observers may log and report
them correctly. We begin with clouds, which are defined as visible aggregates
of minute particles of water or ice, or both, suspended in the free
atmosphere. Clouds constantly evolve and therefore appear in an infinite
variety of forms. Nevertheless, a number of characteristic forms can be
recognized and clouds thus classified.
The appearance of a cloud depends upon the nature, size, number and
spatial distribution of its constituent particles. It also depends upon the
intensity and colour of the light received by the cloud and upon the position
of the observer relative to the source of illumination. We consider texture,
structure, dimensions and shape when studying characteristic cloud forms.
First, we note a few points about the luminance (brightness) and colour of
clouds.
5.10.1

-Luminance
- - - -

Luminance is determined, basically, by the intensity of the light
source and by the ability of cloud particles to reflect, scatter and transmit
light.
It also depends upon surface albedo and the clarity of the
atmosphere. By day, when the Sun is the principal source of light, clouds can
easily be observed, whereas at night they are not visible, unless illuminated
by moonlight or artificial light. Nevertheless, cloud amount can be estimated
on a dark night by the extent to which stars and other celestial phenomena are
obscured.
Cloud colour is determined largely by the clarity of the
atmosphere, the altitude of the cloud and the height of the Sun above the
horizon. At night, the luminance of clouds is usually too weak for colours to
be distinguished.
Clouds illuminated by the Moon are generally white.
Otherwise, perceptible clouds are black or grey, except when illuminated by,
for example, the 1 ights of a large city, in which case they are typically a
yellowy-brown colour. When the Sun is high above the horizon, clouds are
white or grey; when it is near the horizon, scattering of its light occurs.
Scattering from air molecules alone causes a yellow coloration.
In the
presence of dust particles or large numbers of water-vapour molecules,
however, the light from the Sun is typically orange or red. When the Sun is
close to the horizon or just below it, so that low-level clouds are in Earth's
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shadow and therefore dark grey, high clouds may still be white, whilst
medium-level clouds are orange or red. Thus, colour differences can be used
to assess the relative altitudes of clouds.
As noted in Chapter 2, clouds are classified according to their
appearance. There are ten groups (genera), each subdivided into species and
varieties. We first consider the genera and then turn our attention to
species and varieties. We also consider supplementary features and accessory
clouds. The descriptions which follow are taken from the International Cloud
Atlas, published by the World Meteorological Organization (WMO-No. 407). This
is a valuable reference book which explains the present system of cloud
classification in detail and is illustrated with numerous carefully selected
It should be consulted whenever there is doubt over cloud
photographs.
classification. Full use should also be made of the WMO chart which contains
photographs of the major cloud types taken at sea.
(a)

The ten genera
(i)

Cirrus (Ci)
Detached clouds in the form of white, delicate filaments
or white or mostly white patches or narrow bands. These
clouds have a fibrous Chair-like) appearance, or a silky
sheen, or both.

(ii)

Cirrocumulus (Cc)
Thin white patch, sheet or layer of cloud without shading,
composed of very small elements in the form of grains,
ripples, etc., merged or separate, and more or less
regularly arranged; most of the elements have an apparent
width of less than one degree (approximately the width of
the little finger at arm's length).

(iii)

Cirrostratus (Cs)
Transparent, whitish cloud veil of fibrous Chair-like) or
smooth appearance, totally or partly covering the sky, and
generally producing halo phenomena (see Chapter 2).

(iv)

Altocumulus (Ac)
White or grey, or both white and grey, patch, sheet or
layer of cloud, generally with shading, composed of
laminae, rounded masses, rolls, etc. which are sometimes
partly fibrous or diffuse and which may or may not be
merged; most of the regularly arranged small elements
usually have an apparent width of between one and five
degrees (the latter approximately the width of three
fingers at arm's length; see also Cirrocumulus).

(v)

Altostratus (As)
Greyish or bluish cloud sheet or layer of striated,
fibrous or uniform appearance, totally or partly covering
the sky, and having parts thin enough to reveal the sun at
least vaguely, as through ground glass. Altostratus does
not show halo phenomena.
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(vi)

Nimbostratus (Ns)
Grey cloud layer, often dark, the appearance of which is
rendered diffuse by more or less continuously falling rain
or snow, which in most cases reaches the ground. It is
thick enough throughout to block out the sun.

(vii)

Stratocumulus (Sc)
Grey or whitish, or both grey and whitish, patch, sheet or
layer of cloud which almost always has dark parts,
composed of tessellations, rounded masses, rolls, etc.
which are non-fibrous (except for virga) and which may or
may not be merged; most of the regularly arranged small
elements have an apparent width of more than five degrees.

(viii) Stratus (St)

Generally grey cloud layer with a fairly uniform base,
which may give drizzle, ice prisms or snow grains (which
are described in the section of this chapter concerned
with precipitation). When the Sun is visible through the
cloud its outline is clearly discernible. Stratus does
not produce halo phenomena (except, possibly, at very low
temperatures). Sometimes Stratus appears in the form of
ragged patches.

Cb)

(ix)

Cumulus (Cu)
Detached clouds, generally dense and with sharp outlines,
developing vertically in the form of rising mounds, domes
or towers, of which the bulging upper part often resembles
a cauliflower.
The sunlit parts of these clouds are
mostly brilliant white; their bases are relatively dark
and nearly horizontal. Sometimes Cumulus is ragged.

(x)

Cumulonimbus (Cb)
Heavy and dense cloud, with a considerable vertical
extent, in the form of a mountain or huge towers.
At
least part of its upper portion is usually smooth or
fibrous or striated, and nearly always flattened; this
part often spreads out in the shape of an anvil or vast
plume. Under the base of this cloud, which is often very
dark, there are frequently low ragged clouds either merged
with it or not, and precipitation, sometimes in the form
of virga.

The various species
(i)

Fibratus (fib)
Detached clouds or a thin cloud veil, consisting of nearly
straight or more or less irregularly curved filaments
which do not terminate in hooks or tufts.
This term
applies mainly to Ci and Cs.

(ii)

Uncinus (unc)
Cirrus often shaped like a comma, terminating at the top
in a hook, or in a tuft, the upper part of which is not in
the form of a rounded protuberance.
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(iii)

Spissatus (spi)
Cirrus of sufficient optical thickness to appear greyish
when viewed towards the Sun.

(iv)

Castellanus (cas)
Clouds which present, in at least some portion of their
upper part, cumuliform protuberances in the form of
turrets which generally give the clouds a crenellated
appearance. The turrets, some of which are taller than
they are wide, are connected by a common base and seem to
be arranged in lines.
The castellanus character is
especially evident when the clouds are seen from the
side. This term applies to Ci, Cc, Ac and Sc.

(v)

Floccus (£lo)
A species in which each cloud unit is a small tuft with a
cwnuliform appearance, the lower part of which is more or
less ragged and often accompanied by virga.
This term
applies to Ci, Cc and Ac.

(vi)

Stratiformis (str)
Clouds spread out in an extensive horizontal sheet or
layer. This term applies to Ac, Sc and, occasionally, to
Cc.

(vii)

Nebulosus (neb)
A cloud like a nebulous veil or layer, showing no distinct
details. This term applies mainly to Cs and St.

(viii) Lenticularis (len)
Clouds having the shape of lenses or almonds, often very
elongated and usually with well-defined outlines; they
occasionally show irisation.
Such clouds appear most
often in cloud formations of orographic origin, but may
also occur in regions without marked orography. This term
applies mainly to Cc, Ac and Sc.
(ix)

Fractus (fra)
Clouds in the form of irregular shreds, which have a
clearly ragged appearance. This term applies only to St
and Cu.

(x)

Hwnilis Chum)
Cwnulus clouds of only a slight vertical extent;
generally appear flattened.

Cxi)

Mediocris (med)
Cumulus clouds of moderate vertical extent, the tops of
which show fairly small protuberances.

(xii)

Congestus (con)
Cwnulus clouds which are markedly sprouting and are often
of great vertical extent; their bulging upper part
frequently resembles a cauliflower.

they
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(xiii) Calvus (cal)
Cumulonimbus in which at least some protuberances of the
upper part are beginning to lose their cumuliform outlines
but in which no cirriform parts can be distinguished.
Protuberances and sproutings tend to form a whitish mass,
with more or less vertical striations.
(xiv)

Cc)

Capillatus (cap)
Cumulonimbus characterized by the presence, mostly in its
upper portion, of distinct cirriform parts of clearly
fibrous or striated structure, frequently having the form
of an anvil, a plume or a vast, more or less disorderly
mass of hair.
Cumulonimbus capillatus is usually
accompanied by a shower or by a thunderstorm, often with
squalls and sometimes with hail; it frequently produces
very well-defined virga.

Some varieties
(i)

Undulatus Cun)
Clouds in patches, sheets or layers, showing undulations.
These undulations may be observed in fairly uniform cloud
layers or in clouds composed of elements, separate or
merged.
Sometimes a double system of undulations is in
evidence. This term applies mainly to Cc, Cs, Ac, As, Sc
and St.

(ii)

Radiatus Cra)
Clouds showing broad parallel bands or arranged in
parallel bands, which, owing to the effect of perspective,
seem to converge towards a point on the horizon or, when
the bands cross the whole sky, towards two opposite points
on the horizon, called "radiation points".
This term
applies mainly to Ci, Ac, As, Sc and Cu.

(iii)

Translucidus (tr)
Clouds in an extensive patch, sheet or layer, the greater
part of which is sufficiently translucent to reveal the
position of the Sun or Moon. This term applies to Ac, As,
Sc and St.

(iv)

Perlucidus (pe)
An extensive cloud patch, sheet or layer, with distinct
but sometimes very small spaces between the elements. The
spaces allow the Sun, the Moon, the blue of the sky or
overlying clouds to be seen. This term applies to Ac and
Sc.

(v)

Opacus (op)
An extensive cloud patch, sheet or layer, the greater part
of which is sufficiently opaque to mask the Sun or Moon
completely. This term applies to Ac, As, Sc and St.
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(d)

�upplementary features and accessory clouds
( i)

Incus (inc)
The upper portion of a Cumulonimbus spread out in the
shape of an anvil with a smooth .. fibrous or striated
appearance.

(ii)

MaIDina (rnam)
Hanging protuberances, like udders, on the under surface
of a cloud. This supplementary feature occurs mostly with
Ci, Cc, Ac, As, Sc and Cb.

(iii)

Virga (vir)
Vertical or inclined trails of precipitation (fallstreaks)
attached to the under surface of a cloud, which do not
reach Earth's surface. This supplementary feature occurs
mostly with Cc, Ac, As, Ns, Sc, Cu and Cb.

(iv)

Praecipitation (pra)
Precipitation (rain, drizzle, snow, ice pellets, hail,
etc.) falling from a cloud and reaching Earth's surface.
This supplementary feature is mostly encountered with As,
Ns, Sc, St, Cu and Cb.

(v)

Arcus (arc)
A dense, horizontal roll with more or less tattered edges,
situated on the lower front part of certain clouds and
having, when extensive, the appearance of a dark, menacing
arch. This supplementary feature occurs with Cb and, less
often, with Cu.

(vi)

Tuba (tub)
Cloud column or inverted cloud cone, protruding from a
cloud base; it constitutes the cloudy manifestation of a
more or less intense vortex. This supplementary feature
occurs with Cb and, less often, with Cu.

(vii)

Pileus (pil)
An accessory cloud of small horizontal extent, in the form
of a cap or hood above the top of, or attached to the
upper part of, a cumuliforrn cloud which often penetrates
it.
Several pileus may fairly often be observed in
superposition. Pileus occurs principally with Cu and Cb.

(viii) Velum (vel)
An accessory cloud veil
close above or attached
several cumuliforrn clouds
occurs principally with Cu
(ix)

of a great horizontal extent,
to the upper part of one or
which often pierce it. Velum
and Cb.

Pannus (pan)
Ragged shreds sometimes constituting a continuous layer,
situated below another cloud and sometimes attached to
it. This accessory cloud occurs mostly with As, Ns, Cu
and Cb.
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Next in this section on clouds, we note that extensions of clouds,
whether separate from the "mother cloud" or not, may become clouds of a genus
different from that of the mother cloud.
They are given the name of the
appropriate genus, followed by the name of the genus of the mother cloud with
the addition of the suffix genitus.
Stratocumulus curnulogenitus is an
example. We note also that clouds which result from the upward displacement
of air when it crosses a hill, mountain or ridge are called orographic
clouds. There are many different forms. For example, there may be a collar
of cloud around a mountain, or a cap covering its peak, and downwind of a
mountain range or even of a relatively small ridge there may be lenticular
clouds, ·revealing the presence of stationary waves.
The most common
orographic clouds belong to the genera Altocurnulus, Stratocurnulus, Stratus and
Cumulus.
(e)

Other cloud types
Besides the clouds already described, the following special
clouds may also be observed, some more frequently than others:
(i)

Nacreous clouds
These clouds occur in the stratosphere Cat a height of 20
to 30 km).
They resemble Cirrus or almond-shaped
Altocumulus and often show marked iridescence, similar to
that of mother-of-pearl. The most brilliant colours are
observed when the Sun is several degrees below the
horizon. The nature of the cloud particles is not known,
but the optical effects which are displayed suggest
diffraction by particles less than 250 mm in diameter.
As the clouds appear to be stationary, they are probably
induced orographically.
They have mainly been observed
over Scotland, Scandinavia, Alaska and Antarctica.

(ii)

Noctilucent clouds
These clouds occur near the mesopause (at a height of 75
to 90 km) and are seen in latitudes higher than about 50 °
when the Sun is 5 to 13 degrees below the horizon. They
are tenuous clouds resembling thin Cirrus, except that
they are usually bluish or silvery, sometimes yellow or
orange. It is believed that the cloud particles are ice
crystals formed on nuclei of cosmic origin.
Little is
known about temporal and spatial distributions and
variations of noctilucent clouds.
Accordingly, careful
observations of the clouds should be made and the
following details recorded: latitude and longitude of the
place of observation; night of occurrence, specified by
two dates (such as 25/26 June 1988); period or periods of
time (UTC) during which the clouds were observed; a
description of the clouds; and horizontal and vertical
extent of the clouds at specified times. If possible, the
clouds should be photographed.

(iii)

Condensation trails (Contrails)
These are clouds of ice crystals but they do not occur
naturally; they are caused by the passage of aircraft
through the atmosphere.
There are two types:
exhaust
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trails and adiabatic trails.
Exhaust trails result from
the cooling of water vapour contained in exhaust gases.
Adiabatic trails are produced by adiabatic expansion (and
therefore cooling) in the vortices which form immediately
behind the fuselages and wing tips of aircraft in flight.
Condensation
trails
generally
occur
in
the
upper
troposphere and, when newly formed, appear as brilliant
white streaks. Thereafter, however, their shapes depend
upon horizontal and vertical wind shears at cloud level.
Trails frequently become distorted or fragmented, and
pendant swellings like inverted mushrooms commonly develop
on them.
The persistence of trails depends upon the
temperature and humidity of the atmosphere at aircraft
level.
These trails are often
short-lived,
though
sometimes they persist for several hours and spread
progressively, forming extensive patches of cirriform
cloud.
(iv)

Clouds from fires
To describe these clouds (and clouds from
eruptions) ,
we
turn
again
to
words
the
International Cloud Atlas:

volcanic
of
the

Combustion products from big fires (e.g. forest fires or
fires in petrol stores) often assume the appearance of a
dense,
dark
and
· sprouting
cloud
resembling
a
well-developed convection cloud, but distinguishable from
the latter by the rapidity of its development and by its
dark colour. Combustion products such as those from large
tropical bush fires or from
forest
fires
may
be
transported great distances by the wind.
They may then
assume the appearance of thin stratiform veils, which
sometimes impart a blue colour to the Sun or Moon.
(v)

5.10.3

Clouds from volcanic eruptions
Clouds produced by volcanic eruptions look in general like
strongly developed cumuliform clouds with rapidly growing
protuberances.
They may spread out at a high altitude
over vast areas, in which case the sky assumes a peculiar
colour that can persist for several weeks.
Clouds from
volcanic eruptions are composed mainly of dust particles
of different sizes. Some portions, however, may consist
almost
entirely of water 9-roplets and may release
precipitation.

Making_observations

Cloud formations constantly change and are frequently complex.
Accordingly, observers are advised to watch the sky as often as possible, so
that doubts over the correct identification of cloud types may be removed.
Regular watching is particularly helpful when clouds occur in superposed
layers, because clouds at different levels tend to move relative to one
anothei:-.
Thus, medium or high clouds may be visible intermittently.
By
watching the sky regularly, observers can obtain some idea of the amounts and
heights of clouds which may prove to be obscured at the time scheduled for
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making an observation. To make an observation of clouds an observer should
occupy a position from which the whole celestial dome can be seen. The cloud
types which are present should first be identified and cloud amounts and
heights then estimated.
The proportion of the sky covered by cloud is logged and reported in
oktas (eighths). To simplify the task of estimating cloud amount, an observer
may find it useful to imagine the sky divided into quadrants by two arcs drawn
at right angles through the zenith. Numbers on a scale from O to 2 can be
assigned to each quadrant, 0 corresponding to the sky being clear or almost
clear of c,loud, 1 to it being about half covered, 2 to it being completely or
almost completely covered with cloud. The total amount of cloud for the whole
sky can then be obtained by adding the amounts for the separate quadrants.
Two estimates of cloud amount should be made, one for the total amount of
cloud which is present, the other for the amount of low cloud which is present
or, if none is present, the amount of medium cloud which is present. At
night, an observer should not attempt to make cloud observations immediately
after leaving a place which is brightly lit. Time must be allowed for his or
her eyes to become adapted to darkness.
At many land stations, the heights of cloud bases above the ground are
measured, using searchlights, pilot balloons or purpose-built cloud-base
recorders. At most sea stations, however, cloud height must be estimated,
which is often a difficult task, especially for an inexperienced observer.
The recommended technique consists of first identifying the types of cloud
which can be seen and then judging whether or not they are higher or lower
than average. As noted in Chapter 2, the bases of low, medium and high clouds
lie, respectively, below 2 000 m, between 2 000 m and 5 500 m, and above
5 500 m. The heights of the bases of low clouds typically lie in the
following ranges:
Cumulus
Cumulonimbus
Stratocumulus
Stratus
Nirnbostratus

450 to 1 500 m;
600 to 1 500 m;
450 to 1 350 m;
from near the surface to about 600 m;
150 to 1 200 m (usually below 600 m when moderate rain
or snow is falling).

When estimating cloud heights by comparison with the heights of hills,
observers should remember that orographic influences are such that cloud bases
are often lower over hills than elsewhere.
To a good approximation, the height of a Cumulus cloud base above a
land or sea surface is given by the formula

h = �T/8
where h is in kilometres and �T is the depression
temperature below the air temperature (at screen level).
5.11

of

the

dew-point

Observations of precipitation

Now we turn our attention to precipitation, noting first that any
particle of water or ice which falls through the atmosphere or is suspended is
called a hydrometeor.
Of the particles which fall, most reach Earth's
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surface, but some evaporate before they reach the ground, in which case
vertical or inclined trails of precipitation Cfallstreaks) descend from
clouds. As noted earlier, the Latin term virga (meaning "rod") is used as a
supplementary cloud feature to record their occurrence.
Rain and drizzle are liquid forms of precipitation, the main
difference between them being one of drop size. By convention, raindrops are
more than 500 mm (0.5 mm) in diameter and drizzle drops are smaller.
However, drops which are less than 500 mm in diameter are still called rain
if they are scattered, for drizzle drops are always very close to one
another. It is also characteristic of drizzle that drops fall so slowly that
they respond to the slightest movements of air. The terms "freezing rain" and
"freezing drizzle" are used when drops of rain or drizzle, as the case may be,
freeze on impact with the ground or other surfaces.
Drizzle, which falls from Stratus clouds of low base or thick
Stratocumulus clouds, forms by coalescence of cloud droplets.
It is
classified as "slight", "moderate" or "heavy". Slight drizzle can readily be
felt on the face, but it wets surfaces so little that run-off is negligible.
In contrast, moderate drizzle wets surfaces sufficiently for run-off to be
obvious, and heavy drizzle causes surfaces to stream with moisture. Heavy
drizzle corresponds to a rate of accumulation greater than 1 mm/hr and reduces
visibility to less than 1 km.
Rain falls from Nimbostratus, Altostratus, Stratocumulus stratiformis,
Altocumulus castellanus,
Cumulus
congestus
and
Altocumulus floccus,
Cumulonimbus clouds, although much of that which falls from Altostratus and
Altocumulus clouds evaporates before reaching the ground. The designations
"slight", "moderate" and "heavy" correspond to rates of accumulation of less
than 0.5 mm/hr, 0.5 to 4.0 mm/hr and more than 4.0 mm/hr, respectively. When
rain is slight, it consists of scattered large drops or nwnerous smaller
drops, and puddles form very slowly. When rain is moderate, puddles form
rapidly, drops patter on windows and other surfaces, and small amounts of
spray are caused by the shattering of drops when they strike the ground. When
rain is heavy, water streams from surfaces, drops beat upon windows and other
surfaces, and spray from the shattering of drops is present as a mist of tiny
droplets.
The heaviest rain falls from Cumulonimbus clouds, and it can be
torrential, especially in the tropics. Indeed, in many parts of the tropics a
large proportion of the annual rainfall is derived from rainstorms of high
intensity. Some magnitudes illustrate the point: 34% of the annual rainfall
on New Guinea occurs with an intensity of at least 2 5 mm/hr and 22% of the
annual rainfall in Indonesia occurs in storms which maintain an intensity of
at least 1 mm/min for five minutes or more. It is not uncommon for rainfall
rates in excess of 5 mm/min to be maintained for ten to fifteen minutes, and
much higher rates have occurred. On 12 May 1916, for example, to quote an
extreme value, 198 mm of rain fell in 15 minutes at Plumb Point, Jamaica. In
torrential rain visibility is reduced to 500 m or less.
5.11.2

Snow

Snow, snow grains, snow pellets, ice pellets, hail and ice prisms are
all solid forms of precipitation. They are all composed of ice, but in
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appearance and mode of formation they are all different. All except ice
prisms can reach the groWld if the air temperature in the lowermost layer of
the troposphere is above 0 ° C. Indeed, hail can occur whatever the surface
temperature.
Snow falls from Nimbostratus, Altostratus, Stratocumulus stratiformis
and Cumulonimbus clouds and generally falls in the form of flakes, which are
loose aggregates of hexagonal ice crystals, most of them branched. Sometimes,
however, particularly when the temperature is well below 0 ° C, snow falls in
the form of single ice crystals. The depth of fresh snowfall is normally
measured with a graduated ruler, due allowance being made for drifting and
melting. The designations "slight", "moderate" and "heavy" correspond to
rates of accumulation of less than 0.5 cm/hr, 0.5 to 4.0 cm/hr and more than
4.0 cm/hr, respectively.
When snow is falling heavily, visibility is
typically less than 200 m and sometimes as little as 50 m. There is ambiguity
over the term "sleet". In general, it is used when snow and rain (or drizzle)
are falling together, or when snow is melting as it falls.
In the United
States of America, however, it is often used when the particles widely known
as ice pellets are falling.
5.11.3

Snow_grains and snow pellets

Snow grains fall from Stratocumulus stratiformis and Stratus clouds
when the weather is cold (air temperature between about 0 ° C and about -10 ° C).
They are very small, white and opaque, and they are typically flat and
elongated, with a diameter of less than 1 mm. They can be considered the
solid equivalent of drizzle. Snow pellets are also white and opaque, but they
are spherical or conical and are larger than snow grains, typically being 2 to
5 mm in diameter. They fall from Cumulonimbus clouds when the air temperature
is close to 0 ° C. Also known as soft hail or graupel, these pellets are
brittle and easily crushed or broken. When snow pellets strike a hard surface
they tend to boW1ce.
In contrast, ice pellets are transparent or translucent. They are
formed by the freezing of raindrops or by the refreezing of snowflakes which
have largely melted.
They are spherical or irregular in shape (rarely
conical), and they possess a diameter of 5 mm or less.
They fall from
Nimbostratus, Altostratus and Cumulonimbus clouds. Ice prisms provide a
further contrast, for they are very small ice crystals in the form of needles,
columns and plates, which are often so tiny (20 to 100 µm in diameter) that
they appear to be suspended in the atmosphere. They fall from Stratus,
Nimbostratus and Stratocumulus clouds when the air temperature is well below
0 ° C.
However, they may also fall from a cloudless sky when the air
temperature is less than about -30 ° C, in which case they are, in fact,
particles of ice fog, formed, for example, by the spontaneous freezing of
water droplets derived from car exhausts or the breath of animals. They
sparkle in the sun, and refraction of light through them creates optical
phenomena. Ice prisms are also called diamond dust, frost in the air, frost
mist, ice needles, or poudrin.
5.11.5

Hail

Hail is produced by Cumulonimbus clouds and falls in the form of balls
or lumps of ice (called hailstones) which are spherical, conical or irregular
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in shape. By definition, a hailstone possesses a diameter of at least 5 mm.
Smaller particles, formerly called small hail, are now known as snow pellets
or ice pellets. Spheroidal hailstones (the most common type) often possess an
interior structure resembling that of an onion (Figure 5.19), with concentric
layers of clear ice (glaze) and opaque ice (rime). In a conical hailstone,
there is typically a base of glaze and an apex of rime. Hailstones of
irregular shape are thought to be agglomerates formed by coalescence of ice
particles inside clouds. When a hailstone contains a large number of air
bubbles, its density can be as low as 100 kg/m 3 • Generally, though, the
Thus, a large
density of hail lies in the range 700 to 900 kg/m 3 •
hailstone, measuring 50 mm or more in diameter, can weigh as much as 0.5 kg.
As the terminal velocity of such an object is about 45 m/s, it is not
surprising that large hailstones cause a great deal of damage and sometimes
kill people and animals.
As noted earlier, visibility is reduced by raindrops and other forms
of precipitation. Indeed, the rate of precipitation can be estimated from the
visibility (but not vice versa). After first deciding upon the form of
precipitation and estimating the visibility, the observer can assess the rate
of precipitation by referring to the following table:
VISIBILITY

50 m
200 m
500 m

1 km

2 km
4 km
10 km
20 km

DRIZZLE
very heavy
heavy
moderate
moderate
slight
very slight

RAIN

very heavy
heavy
heavy
moderate
slight
very slight

SNOW

very heavy
heavy
moderate
moderate
slight
slight
very slight

This table should be used only when precipitation is continuous. In showery
weather, visibility tends to vary considerably in both space and time.
5.12

Observations of ice

Whenever appropriate, an ICE group or plain-language report of ice
should also be included in a routine synoptic report. Although a great deal
of information about icebergs and sea ice can be derived from satellite
surveillance, observations from sea stations and aircraft are still essential,
for without them there would be no detailed knowledge of ice concentrations,
thicknesses, and so on. Radar can sometimes be used to detect ice or icebergs
but reliance should not be placed upon it. Very poor echoes may be returned
from quite large icebergs, and echoes from growlers and bergy bits may be
indistinguishable from sea clutter when the sea is rough. When making an
observation of ice from a sea or shore station, an observer should occupy the
highest position possible (the bridge of a ship, for example, or the top of a
lighthouse). The important features of sea ice which should be reported are

CHAPTER 5

232

Clear ice
(glaze)

Clear ice

Opaque ice

with few

(rime)

air bubbles

(b)

(a)

(c)

Figure 5 .19 - Cross-sections through typical ice pellets and
hailstones, showing (a) an ice pellet (frozen
raindrop), (b) a small hailstone and (c) a
multi-layered hailstone
as follows:
sea surface
snow cover;
formed. The

thickness; stage of development; concentration (in eighths of the
covered by ice); type (fast ice, pack ice, etc. ); thickness of
ice movements; and extent to which ridges and hummocks have
numbers of icebergs in sight should also be reported.

Notes on the nature and characteristics of sea ice and icebergs are
contained in Chapter 3. Ice terms are defined in a fully illustrated glossary
·entitled WMO Sea-ice Nomenclature (WMO-No. 259), published by the World
Meteorological Organization. We now focus upon the commoner terms, listing
them according to subject. Definitions are taken almost verbatim -from the WMO
glossary.
FLOATING ICE
Any form of ice found floating in water.
The principal kinds of
floating ice are lake ice, river ice and sea ice, which form by the freezing
of water at the surface, and glacier ice (ice of land origin), formed on land
or in an ice shelf. The concept includes ice that is stranded or grounded.
DEVELOPMENT
New ice
A general term for recently formed ice which includes frazil ice,
grease ice, slush and shuga. These types of ice are composed of ice crystals
which are only weakly frozen together (if at all) and have a definite form
only while they are afloat. Frazil ice consists of fine spicules or plates of
ice suspended in water. Grease ice refers to a later stage of freezing than
frazil ice, when the crystals have coagulated to form a soupy layer on the
surface. Grease ice reflects little light, giving the sea a matt appearance.
Slush is the name given to snow which is saturated and mixed with water on
land or ice surfaces, or as a viscous floating mass in water after a heavy
snowfall. Shuga is the name given to an accumulation of spongy white ice
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lumps, a few centimetres across. They are formed from grease ice or slush and
sometimes from anchor ice rising to the surface.
Nilas
A thin elastic crust of ice, easily bending on waves and swell and
under pressure, thrusting in a pattern of interlocking "fingers". It has a
matt surface and is up to 10 cm in thickness. It may be subdivided into dark
nilas and light nilas. Dark nilas is less than 5 cm in thickness and very
dark in colour, whereas light nilas is more than 5 cm in thickness and rather
lighter in colour. Ice rind is a·brittle shiny crust of ice formed on a quiet
surface by direct freezing or from grease ice, usually in water of low
salinity. Its thickness is less than about 5 cm. It is easily broken by wind
or swell, commonly breaking in angular pieces.
Young ice
Ice in the transition stage between nilas and first-year ice, 10 to
30 cm in thickness. It may be subdivided into grey ice and grey-white ice.
Grey ice is 10 to 15 cm thick. It is less elastic than nilas and breaks on
swell. It usually rafts under pressure. Grey-white ice is 15 to 30 cm
thick. Under pressure it is more likely to ridge than to raft.
First-year ice
Sea ice of not more than one winter's growth, developing from young
ice; thickness 30 cm to 2 m. It may be subdivided into thin first-year ice
(which is 30 to 70 cm thick), medium first-year ice (70 to 120 cm thick) and
thick first-year ice (over 120 cm thick).
Old ice
Sea ice which has survived at least one summer's melt; typical
thickness up to 3 m or more. Most topographic features are smoother than on
first-year ice. It may be subdivided into second-year ice and multi-year
ice. Second-year ice is old ice which has survived only one summer's melt; it
may be 2.5 m thick or even more. Because it is thicker than first-year ice,
it stands higher out of the water. In contrast to multi-year ice, summer
melting produces a regular pattern of numerous small puddles. Bare patches
and puddles are usually greenish-blue. Multi-year ice is old ice up to 3 m or
more thick which has survived at least two summers' melt. The ice is almost
salt-free. Where bare, it is usually blue. The melt pattern consists of
large interconnecting puddles and a well-developed drainage system.
FORMS OF FAST ICE
Fast ice
Sea ice which forms and remains fast along the coast, where it is
attached to the shore, to an ice wall, to an ice frent, between shoals or
grounded icebergs. Vertical fluctuations may be observed during changes of
sea level. Fast ice may be formed in situ from sea water or by freezing of
pack ice of any age to the shore, and it may extend a few metres or several
hundred kilometres from the coast. Fast ice may be more than one year old and
may then be prefixed with the appropriate age category (second-year,
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multi-year or old); if it is thicker than about 2 m above sea level it is
called an ice shelf. Young coastal ice is the term for the initial stage of
fast ice formation consisting of nilas or young ice, its width varying from a
few metres up to 100 to 200 m from the shoreline.
Icefoot
A narrow fringe of ice attached to the coast, unmoved by tides and
remaining after the fast ice has moved away.
Anchor ice
Submerged ice attached or anchored to the bottom, irrespective of the
nature of its formation.
Grounded ice
Floating ice which is aground in shoal water. In contrast, the term
stranded ice refers to ice which has been floating and has been deposited on
the shore by retreating high water.
PACK ICE
The term is used in a wide sense to include any area of sea ice, other
than fast ice, no matter what form it takes or how it is disposed.
Concentration
The ratio expressed in oktas describing the amount of the sea surface
covered by ice as a fraction of the whole area being considered.
Total
·concentration includes all stages of development that are present; partial
concentration may refer to a particular stage or a particular form of ice and
represents only a part of the total. Pack ice concentrations are classified
as follows:
Compact pack ice: Pack ice in which the concentration is 8/8 and
no water is visible. It is called consolidated pack ice when the
floes are frozen together.
Very close pack ice:
to less than 8/8.

Pack ice in which the concentration is 7/8

Close pack ice: Pack ice in which the concentration is 6/8 to
less than 7/8, composed of floes mostly in contact.
Open pack ice: Pack ice in which the ice concentration is 3/8 to
less than 6/8, with many leads and polynyas, and where the floes
are generally not in contact with one another.
Very open pack ice: Pack ice in which the concentration is 1/8
to less than 3/8 and water preponderates over ice.
Open water: A large area of freely navigable water in which sea
ice is present in concentrations less than 1/8. There may be ice
of land origin present, although the total concentration of all
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ice shall not exceed 1/8. Bergy water is the term for an area of
freely navigable water with no sea ice present but in which ice
of land origin is present.
Ice-free: No ice present.
term should not be used.

If

ice of any kind is present this

Forms of floating ice
The term pancake ice refers to predominantly circular pieces of ice
from 30 cm to 3 m in diameter, and up to about 10 cm in thickness, with raised
rims owing to the pieces striking against one another. It may be formed on a
slight swell from grease ice, shuga or slush, or as a result of the breaking
of ice rind, nilas or (under severe conditions of swell or waves) grey ice.
It sometimes forms at some depth at an interface between water bodies of
different physical characteristics, from where it floats to the surface. Such
ice may rapidly cover wide areas of water. Ice floes are relatively flat
pieces of sea ice 20 m or more across. They are giant when their horizontal
extent is more than 10 km, vast when it is 2 to 10 km, big when it is 500 m to
2 km, medium when it is 100 to 500 m and small when it is 20 to 100 m. An ice
cake is any relatively flat piece of sea ice less than 20 m across, and a
small ice cake is an ice cake less than 2 m across. A floeberg is a massive
piece of sea ice composed of a hummock, or a group of hummocks frozen
together, and separated from any ice surroundings; it may protrude up to 5 m
above sea level. The term brash ice refers to accumulations of floating ice
made up of fragments not more than 2 m across, the wreckage of other forms of
ice. The terms iceberg, glacier berg, tabular berg, ice island, bergy bit and
growler are defined later.
Arrangement
An ice field is an area of pack ice consisting of floes of any size.
A large ice field is over 20 km across, a medium ice field 15 to 20 km across,
a small ice field 10 to 15 km across and an ice patch less than 10 km across.
An ice massif is a variable accumulation of close or very close pack ice
covering hundreds of square kilometres which is found in the same region every
summer. An ice edge is the demarcation at any given time between the open sea
and sea ice of any kind, whether fast or drifting. A compacted ice edge is a
close, clear-cut ice edge compacted by wind or current, usually on the
windward side of an area of pack ice. A diffuse ice edge is a poorly defined
ice edge limiting an area of dispersed ice, usually on the leeward side of an
area of pack ice. The mean ice edge is the average position of the ice edge
in any given month or period based on observations over a number of years. An
ice limit is a climatological term referring to the extreme minimum or extreme
maximum extent of the ice edge in any given month or period based on
observations over a number of years. An ice boundary is the demarcation at
any given time between fast ice and pack ice or between areas of pack ice of
different concentrations.
OPENINGS IN THE ICE
Fracture
Any break or rupture through very close pack ice, compact pack ice,
consolidated pack ice, fast ice, or a single floe resulting from deformation
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processes.
Fractures may contain brash ice and/or be covered with nilas
and/or young ice. Length may vary from a few metres to many kilometres.
Width may be as little as 1 m or more than 500 m.
Lead
My fracture or passageway through sea ice which is navigable by
surface vessels. A shore lead is a lead between pack ice and the shore or
between pack ice and an ice front. A flaw lead is a passageway between pack
ice and fast ice which is navigable by surface vessels.
Polynya
My non-1 inear-shaped opening enclosed in ice. Polynyas may contain
brash ice and/or be covered with new ice, nilas or young ice. As noted later,
submariners refer to these as skylights. Sometimes a polynya is limited on
one side by the coast; it is then called a shore polynya. On other occasions
it is limited by fast ice and is then called a flaw polynya. If it recurs in
the same position every year it is called a recurring polynya.
ICE-SURFACE FEATURES
Level ice
Sea ice which is unaffected by deformation.
Deformed ice
A general term for ice which has been squeezed together and in places
forced upwards tand downwards) . Rafted ice is a type of deformed ice formed
by one piece of ice overriding another. A ridge is a line or wall of broken
ice forced up by pressure; it may be fresh or weathered. The submerged volume
of broken ice under a ridge, forced downwards by pressure, is termed an ice
keel. A hummock is a hillock of broken ice forced upwards by pressure; it may
be fresh or weathered. The submerged volume of broken ice under a hummock,
forced downwards by pressure, is termed a bummock. A ram is an underwater ice
projection from an ice wall, ice front, iceberg or floe. Its formation is
usually due to a more intensive melting and erosion of the unsubmerged part.
STAGES OF MELTING
A puddle is an accumulation of melt-water on ice, resulting mainly
from the melting of snow, but in the more advanced stages also from the
melting of ice. Thaw holes are vertical holes in sea ice formed when surface
puddles melt through to the underlying water. Dried ice is sea ice from the
surface of which melt-water has disappeared after the formation of cracks and
thaw-holes. During the period of drying, the surface whitens. Rotten ice is
sea ice which has become honeycombed and which is in an advanced state of
disintegration. Flooded ice is sea ice which has been flooded by rnelt-water
or river water and is heavily loaded by water and wet snow.
ICE OF LAND ORIGIN
Glacier
A mass of snow and ice moving continuously from higher to lower ground
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or, if afloat, spreading continuously. An ice wall is an ice cliff forming
the seaward margin of a glacier which is not afloat. An ice wall is aground,
the rock basement being at or below sea level.
A glacier tongue is the
seaward extension of a glacier, usually afloat. In the Antarctic, glacier
tongues may extend over many tens of kilometres.
Ice shelf
A floating ice sheet of considerable thickness, showing 2 to 50 m or
It is usually of great
more above sea level and attached to the coast.
horizontal extent and with a level or gently undulating surface.
It is
nourished by annual snow accumulation and often also by the seaward extension
of land glaciers. Limited areas may be aground. An ice front is a vertical
cliff forming the seaward face of an ice shelf or other floating glacier,
varying in height from 2 to 50 m or more above sea level.
Calved ice of land origin
Calving is the term for the breaking away of a mass of ice from an ice
wall, ice front or iceberg. An iceberg is a massive piece of ice of greatly
varying shape, protruding more than 5 m above sea level, which has broken away
from a glacier, and which may be afloat or aground. A glacier berg is an
irregularly shaped iceberg. A tabular berg is a flat-topped iceberg.
Most
tabular bergs form by calving from an ice shelf and show horizontal banding.
An iceberg tongue is a major accumulation of icebergs projecting from the
coast, held in place by grounding and joined together by fast ice.
An ice
island is a large piece of floating ice which has broken away from an Arctic
ice shelf. It protrudes about 5 m above sea level, its thickness is 30 to
50 m and its area ranges from a few thousand square metres to 500 km 2 or
more.
It is usually characterized by a regularly undulating surface which
gives it a ribbed appearance from the air. A bergy bit is a large piece of
floating glacier ice, generally showing less than 5 m above sea level (but
more than 1 m) and normally about 100 · to 300 m 2 in area. A growler is a
smaller piece of ice than a bergy bit or floeberg, extending less than 1 m
above the sea surface and normally occupying an area of about 20 m 2•
It is
often transparent, although it may appear green or almost black in colour,
TERMS RELATING TO SURFACE SHIPPING
A vessel is beset when surrounded by ice and unable to move. A port,
inlet, estuary, etc. is said to be ice-bound when navigation by ships is
prevented on account of ice, except possibly with the assistance of an
icebreaker. Ice is said to nip when it forcibly presses against a ship. An
iceport is an embayment in an ice front, often of a temporary nature, where
ships can moor alongside and unload directly onto the ice shelf.
TERMS RELATING TO SUBMARINE NAVIGATION
An ice canopy is a sheet of pack ice from the point of view of a
submariner. Skylights are thin places in an ice canopy, usually less than 1 m
thick and appearing from below as relatively light, translucent patches in
dark surroundings.
The under-surface of a skylight is normally flat.
Skylights are called large if big enough for a submarine to attempt to surface
through them ( 120 m), or small if not. As noted earlier, a bummock is the
downward counterpart of a hummock, and an ice keel is a downward-projecting
ridge on the underside of an ice canopy.
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CHAPTER 5
Miscellaneous phenomena

Observers should not confine their attention to clouds, precipitation,
ice and all the other atmospheric and oceanic features and conditions which
are observed, measured, recorded and reported routinely. They should also
note in the "Remarks" column of the log-book the occurrence of any of the
following natural phenomena. Great care must be taken when observing solar
phenomena. Smoked or deeply-tinted glass should always be used when viewing
the Sun and optical phenomena close to it, except when the sunlight is
weakened by passage through thick fog.
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•

Abnormal refraction and mirages;
Abnormal rises of sea level;
Abnormal waves;
Airglow;
Auroral displays;
Coloured Suns and Moons, and unusual sky coloration in the daytime;
Comets;
Coronae, halo phenomena and iridescent cloud;
Corposant (St Elmo's fire) and lightning;
Crepuscular rays;
Dustfall at sea;
Eclipses of the Sun or Moon;
Glory or Brocken spectre;
Green flash;
Meteors and meteorites;
Rainbows;
Re-entry of satellites or research rockets into the atmosphere;
Scintillation;
Sea coloration and marine bioluminescence;
Sky coloration at night and at twilight;
Solar flares, sunspots and stellar novae;
Waterspouts;
The zodiacal light, the zodiacal band and gegenschein.

5.14

Measurements of ocean currents

5.14.1

-Introduction
- - - -

As noted earlier in this chapter, speeds and directions of ocean
currents are included in TESAC reports, using code form FM 64-IX. The nature,
characteristics and effects of these currents are studied in Chapters 3 and
4. Here, we focus upon ways of ascertaining speed and direction, considering
surface currents first, subsurface currents later. The patterns of currents
prevailing in the uppermost waters of the sea have long been known. However,
comparatively little is known about local variations and intensities of
currents or about the variabilities of oceanic flows during the course of the
year and from one year to another. Moreover, much remains to be learnt about
subsurface flows of water. Consequently, there continues to be a need for
seafarers to observe and measure currents, not least because of the
limitations of the programmes of field observations conducted by marine
scientists.
In the words of G.L. Pickard and W.J. Emery {in the Fourth
Edition of Descriptive Physical Oceanography, Pergamon Press, 1982, page 77):
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A fundamental goal of many physical oceanographers has been to
ascertain the three-dimensional circulation of the oceans as a
function of time. The obvious way would seem to be to go to sea with
current meters and to measure it directly. Unfortunately, current
meters give information only on the velocity (speed and direction) of
the water at the location of the instrument itself, and experience
indicates that large variations in current velocity can occur over
small distances as well as over small time intervals. Also, in the
present state of current meter development, it is costly, even with
moored instruments, to measure currents e·ven at only a few -points at
any one time.
The limited number of oceanographic ships and of
oceanographers available to deploy and recover these current meter
moorings also limits the number of spot current measurements that may
be made. In consequence, direct measurements of currents have to be
restricted to key localities of limited area and for purposes such as
testing specific theories. The total of direct current measurements
of subsurface currents has provided only a small proportion of our
observed knowledge of the ocean circulation.
Basically, there are two ways of describing the flow of a fluid. The
Eulerian approach can be used, in which case fluid properties are ascertained
at fixed points in space (relative to Earth's surface) and no attempt is made
to identify individual fluid elements or to follow them as they move.
Alternatively, the Lagrangian approach can be used, in which case the
positions of chosen elements of fluid are tracked and their trajectories
thereby ascertained. Most observations in meteorology are Eulerian, but in
oceanography the Lagrangian approach is the more common, particularly for
monitoring surface currents. Indeed, the oldest method used for studying
movements of surface water is Lagrangian: drift bottles which float freely in
the water are released at particular points and subsequently recovered. By
this method, however, no information about trajectories between launch and
recovery points can be obtained; only average speeds and directions of
currents can be ascertained.

The method usually adopted by seafarers for ascertaining the set and
drift of a current consists of calculating the difference between the actual
position of a vessel (as found by a reliable astronomical, radio or electronic
fix) and the _position found by dead reckoning (after making due allowance for
leeway). This method has long been the principal means of acquiring knowledge
of surface currents and is likely to remain so, given the precision of
position-fixing systems used aboard ships. For the method to be reliable,
though, the vessel's speed through the water must also be known. In addition,
the steering must be good, the judgement of leeway sound and the compass error
correctly assessed. For the derived values of current speed and direction to
be considered representative, the method should not be used where significant
tidal streams are to be expected or when the distance between the starting and
finishing points of the dead-reckoning plot exceeds about 750 km. It should
also not be used when these points are separated by more than a day's sailing,
or when significant changes of current strength or direction (or both) occur
between the two points.

240

CHAPTER 5

5.14.3
Coloured floats, sheets of paper or patches of plankton, pollution or
fluorescent dye can also be used to show water movements. However, the
Lagrangian indicator of current most commonly employed is an object floating
in the water with most of its volume submerged. The drift bottle (which has
already been mentioned) falls into this category, and so also does the drift
pole, which is a wooden pole a few metres long and weighted so that it floats
with less than 1 m of its length above the surface. As these drifting objects
must all be observed directly (from ships, small boats, aircraft or shore
stations), they tend to be employed close to the shore, rather than on the
open ocean.
Drifting buoys are also commonly used nowadays as Lagrangian
indicators, and they are widely used on the open ocean. Because they transmit
radio signals, they can be located and tracked remotely (by telemetry), from
shore stations, aircraft or satellites.
Indeed, the accuracy of modern
navigational systems is such that the position of a buoy fitted with a VHF
radio transponder which can be interrogated from a satellite can be
ascertained to within 15 km. To minimize the effect of wind on the part of a
buoy which is above the surface of the sea and thus ensure that the buoy moves
only with the water, a subsurface drogue can be fitted. Drifting buoys were
first used on a large scale in 1978 and 1979, during the First GARP Global
Experiment (FGGE), when over 300 were deployed in the southern hemisphere
(south of about 20 ° S). Since then, they have come to be regarded as an
indispensable tool in oceanography. The meteorological and oceanographic
instruments fitted to thes� buoys are studied later in this chapter.
To trace the movements of subsurface currents, the Swallow float can
be employed. This device makes use of the fact that the density of sea water
increases with depth.
As the device is made of aluminium, it is less
compressible than sea water and thus gains buoyancy as it sinks. Before it is
launched, its overall density is adjusted by the addition of weights so that
it descends to the predetermined depth at which it becomes neutrally buoyant
and therefore floats. It contains an acoustic transmitter (sometimes called a
pinger) which emits pulses of sound which can be tracked from a nearby ship by
means of hydrophones.
Alternatively, using the SOFAR (sound fixing and
ranging) channel, which is an acoustic waveguide in the ocean at a depth of
1 000 to 1 500 m, floats can be tracked by hydrophones at coastal or moored
listening stations up to 1 000 km away (Figure 5.20).
Acoustic tomography can also be used to study subsurface currents.
This is a new technique which employs sound waves to scan the ocean and
thereby obtain information about subsurface temperatures and velocities
(Figure 5.21). At any given depth, the speed of sound in sea water is
controlled mainly by temperature. Accordingly, the time taken for an acoustic
pulse to travel from a transmitter to a receiver is a measure of the heat
content of the water mass through which the sound passes. Multiple sound
paths are provided when an array of transmitters and receivers is used. Thus,
an acoustic image can be obtained, and from it the fine structure of the ocean
can be resolved. By means of acoustic tomography, the average speed of a
current can be measured to an accuracy of ±1.5 rmn/s. In contrast, the
accuracy of a conventional current meter is no better than +l cm/s.
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Figure 5.20 - Tracking SOFAR floats from shore-based listening stations
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Figure 5. 21 - The principle of an acoustic current meter. A
and B are two points separated by a distance L;
C is the speed of sound and V the speed with
which the water is moving
5.14.5

Chesapeake_Bay_Institute_Drag

The simplest and cheapest Eulerian current meter, the Chesapeake Bay
Institute Drag, consists of two crossed rectangles of wood which are weighted
and suspended by a thin wire (Figure 5.22). When the device is immersed in
moving water the wire makes an angle with the vertical. Then, by means of an
appropriate formula, the speed of the current can readily be calculated. The
device is easy to use, and current speeds and directions can be obtained
quickly from an anchored vessel. However, the device should not be used below
a depth of a few tens of metres, because the drag of the current on the wire
increases with length, thus making interpretation of the wire angle
complicated.
5.14.6

The Ekman current meter

The Ekman current meter was once the most widely used Eulerian device
but is now almost obsolete. It is mentioned here only because many modern
meters are developments of it. In principle, it is simple: speed is measured
by means of an impeller, which rotates when water flows past it; direction is
recorded by means of a mechanism which causes metal balls to drop at intervals
into a circular tray containing thirty-six 10 ° sectors, the orientation of the
tray being ascertained by means of a magnetic compass. The meter is attached
to a wire and let down to the desired depth. It has to be lowered and raised
for each reading, however, which is both inconvenient and time consuming.
Impellers are still used for measuring speed, and the magnetic compass
is still used for ascertaining direction, although metal balls are no longer
used.
In modern forms of the Ekman meter, however, telemetry and
sophisticated electronic data-logging systems are employed. Readings may be
transmitted electrically along a cable to a recorder aboard the ship from
which a meter is suspended or they may be transmitted by radio from a
supporting buoy to a mother ship. Microprocessor-controlled self-recording
systems are also available.
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Figure 5.22 - Chesapeake Bay Institute Drag
5.14.7

The Savonius rotor

It is a disadvantage of the Eulerian approach that ships and buoys are
not stable platforms. An impeller is sensitive not only to horizontal flows
of water but also to the vertical motions which occur when wave action causes
the supporting ship or mooring to heave. The effects of such motions can be
minimized by the addition of a hollow cylinder which is fitted so that it
forms a tube around the impeller. Alternatively, a Savonius rotor can be used
instead of an impeller. This device consists of two hollow semicylinders
which are offset, mounted vertically and attached to flat end-plates {Figure
5.23). A vane is used for sensing direction. As well as being comparatively
insensitive to vertical motions, the Savonius rotor produces a large torque,
even when currents are weak. The effects of wave motions may be minimized by
various other means:
meters may be made neutrally buoyant; meters may be
attached to subsurface moorings which are buoyant but anchored to the sea bed;
and a vector-measuring current meter, which contains two horizontal impellers,
one at right-angles to the other, may be used. By means of an impeller-type
meter, speed can now be measured to an accuracy of ±1 cm/s or 2% of the actual
value, whichever is greater, and direction can be ascertained to an accuracy
of +50.
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Figure 5.23 - Savonius rotor
5.14.8 --------Static transducers
Static transducers can also be used to measure the speed of flow of a
fluid.
For example, an electromagnetic device known as a Geomagnetic
Electrokinetograph (GEK) can be used, particularly where ocean currents are
strong. This instrument makes use of the fact that an electromotive force
(EMF) is induced in a conductor which is moving through a magnetic field. In
this case, sea water is the conductor and the magnetic field is Earth's. Two
electrodes are suspended in the water from a ship (Figure 5.24) and an EMF is
induced in the length of cable joining them. As the strength of Earth's
magnetic field is small, however, the induced EMF is appreciable against
background electrical noise only when the separation of the electrodes is a
few tens of metres. Another instrument with a static transducer, the hot-wire
anemometer, is based upon the principle that an electrically heated wire cools
when fluid flows past it.
This device is small ( the wire being only a
millimetre or so long) and, as it responds very rapidly to variations of flow,
is particularly useful for studying turbulence. The device is also delicate,
though, and the wire is easily broken.
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Figure 5.24 - Using a Geomagnetic Electrokinetograph to measure a current. The
component of the current normal to the line joining the two electrodes
measured and recorded on board (as shown inset)
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CHAPTER 5
Satellites and drifting buoys

Lastly in our survey of instruments and observational techniques, we
turn our attention to remote sensing. We focus particularly upon satellites
and drifting buoys, which are used a great deal nowadays by meteorologists and
oceanographers. Indeed, these platfonns are now indispensable, for without
them there would .still be virtually no data from the oceanic regions rarely
visited by ships.
Many recent advances in marine science and weather
forecasting could therefore not have been made. Although drifting buoys were
used meteorologically and oceanographically prior to the rnid-1970s, the
subsequent availability of inexpensive and expendable drifting buoys which can
not only operate continuously and unattended for periods of several months on
the open ocean but also be located and interrogated by means of satellites has
made possible a number of applications of buoys hitherto impossible. Moored
buoys are often used in meteorological and oceanographic projects too.
However, they tend to be relatively large and expensive; and if a mooring
fails, costly equipment may be lost and the buoy may become a navigational
hazard.
Drifting buoys serve as bases for automatic weather stations and for
instruments which provide information and data concerning the characteristics
of water masses and the behaviour of waves and ocean currents. Thus, they are
particularly useful in the research programmes which are designed to further
understanding of the ocean-atmosphere system. Also, as noted in the WMO
publication entitled Drifting Buoys in Support of Marine Meteorological
Services (Marine Meteorology and Related Oceanographic Activities Report
No. 11, by G.D. Hamilton, 1983), they may be used for operational purposes,
including the monitoring of surface and subsurface movements of contaminants
(such as oil spills) and the tracking of ice motions in areas of potential
threat. Furthermore, they may be used to obtain the climatic data required by
the designers and operators of offshore exploration and exploitation
facilities. In Hamilton's words:
Engineering design interests usually require both a description of
mean environmental parameters and the magnitude and probable frequency
of occurrence of extreme events, such as trajectories of ice islands,
hurricane and severe storm conditions, water column loading, etc. In
addition, operation of offshore installations requires an improved
oceanographic and meteorological forecast ability for the safety of
personnel, integrity of the facility, and fiscal efficiency. An
additional major difference between scientific and engineering
applications of drifters is the geographical area of interest, with a
tendency for scientists to focus on understanding open ocean processes
and engineers to focus primarily on coastal and offshore continental
shelf regions.
The shell of the hull of a drifting buoy (Figure 5.25) is normally
made of fibreglass or aluminium, and this is usually filled with polyurethane,
so that buoyancy is maintained if the shell is penetrated. The drag on the
surface of the hull, from either wind or water, is designed to be as little as
possible. When a buoy is deployed, a sea anchor or drogue is often attached,
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so that the buoy moves only with the currents in the sea. The stability of a
buoy is such that its antenna remains above the water. This is commonly
achieved by means of a simple configuration of spar and flotation collar.
Power is usually provided by alkaline, manganese or lithium batteries.

\

\

Figure 5.25 - Schematic representation of a satellite-monitored
buoy (in this case a moored buoy)
Besides location, the variables ascertained from a drifting buoy
normally include one or more of the following: atmospheric pressure; wind
direction and speed; air temperature; sea-surface temperature; sub-surface
temperature; speed and direction of currents; and characteristics of waves.
As noted in the WMO publication entitled Guide to Data Collection and Location
Services using Service Argos (Marine Meteorology and Related Oceanographic
Activities Report No. 10, by G.D. Hamilton and R. Rosso, 1983),
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Barometric pressure and wind speed and direction are of utmost
importance to weather analysis and forecasting and are complementary
to each other. Sea-surface temperature is also of importance for
weather analysis and forecasting but highly critical for fisheries,
satellite temperature profile retrievals, climate studies, and so on.
Air temperature is important for air/sea interaction and climate
programmes. Observations of waves are important for all classes of
marine users.
Current drift and sub-surface temperatures have
important oceanographic applications.

Measurement of barometric pressure is not easy from a drifting buoy on
the open ocean. As Hami 1 ton and Rosso noted, cost is an important factor:
pressure sensors which are stable and reliable over long periods are expensive
devices. Moreover, the limited availability of power aboard a drifting buoy
places a constraint upon the achievable operational characteristics of the
sensor. In practice, aneroid capsules are employed for measuring pressure,
and quartz crystal devices are typically used as transducers. To provide data
acceptable for weather analysis and forecasting and, indeed, for other
purposes, sensors must operate over the range 920 to 1048 hPa, with a
resolution of 0.5 hPa, and they must be accurate to ±1.0 hPa. An inlet port
allows the ambient pressure to be transmitted freely to the sensor, but herein
lies a further problem. The apparatus attached to a buoy disturbs the air
flow over and around it, causing fluctuations of wind speed and direction to
occur in the vicinity of the port. As a result, fluctuations of pressure also
occur across the mouth of the port. Yet another problem is that water
sometimes penetrates into compartments containing pressure sensors.
Thermistors or resistance thermometers are used to measure sea-surface
temperature. Such instruments must operate over the range -5 ° C to +35 ° C, with
a resolution of 0.2 ° C and an accuracy of ±0.5 ° C. Thermistors can also be used
to measure air temperature, but radiation shields are required to shield the
transducers from solar and infra-red radiation. Sensors operate over the
range -40 ° C to +60 ° C, with a resolution of 0.5 ° C and an accuracy of ±1 ° C.
Platinum-resistance thermometers are sometimes used aboard unmanned moored
buoys, their operational range typically being -10 ° C to +40 ° C and their
accuracy ±0.1 ° C.
Wind speed is generally measured by means of a cup anemometer, the
requirement being that the instrument is accurate to ±1.5 m/s and able to
withstand a wind of about 60 m/s. Wind direction is usually ascertained by
means of a vane and magnetic compass, the desired accuracy being ±15 degrees.
As already noted in this chapter, satellites are used to collect data
from buoys. In particular, Service Argos is used. This is an operational
programme, run by the French space agency, the Centre National d'Etudes
Spatiales (CNES), in collaboration with two American organizations, the
National Aeronautics and Space Administration (NASA) and the National Oceanic
and Atmospheric Administration (NOAA). The spacecraft used are the NOM
polar-orbiting satellites of the TIROS-N series. Besides data from buoys,
these satellites also collect data from balloons, Fixed Sea Stations and
unmanned observational platforms aboard ships and ice islands. The altitudes
of TIROS-N satellites (833 to 870 Jan) are such that the surface area of the
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globe observed at any given instant is about 5 200 km in diameter, assuming
that the line of sight to the satellite is at least five degrees above the
horizon. The satellite orbits are Sun synchronous and the orbital periods are
about 102 minutes.
Thus, the average duration of a satellite pass is
approximately ten minutes. The nwnber of satellite passes per day at a
particular place ranges from 3 or 4 per satellite at the Equator to 14 per
satellite at latitudes higher than 75 ° N and S.
Each platform used in conjunction with Service Argos carries an
electronic transmitter known as a Platform Transmitter Terminal (PTT), which
always .rncludes antenna, power supply, ultra-stable oscillator, RF modulator
and power amplifier, digital message generation logic, and sensor interface
unit. All PTTs transmit at regular intervals (every 40 to 60 seconds for
platform location, every 100 to 200 seconds for data-collection purposes),
using the frequency 401. 650 MHz ±3. 2 kHz. The length of a data message is
always less than one second.
The data-collection system on board a TIROS-N satellite receives and
records the jumble of messages transmitted from PTTs within the area observed
from the satellite and retransmits it whilst passing over a telemetry
station. There are three of these, one in France (at Lannion, Brittany), the
others in the USA (at Wallops Island, Virginia, and Gilmore Creek, Alaska).
The heterogeneous data are then passed to the centre of the National Earth
Satellite Service at Suitland (in Maryland, USA), where the Service Argos data
are extracted and retransmitted over a dedicated telecommunications link (at
7 200 bits/sec) to the Argos data-processing centre at Toulouse, France.
Here, the data are decoded, processed and stored. The time which elapses
between a satellite receiving a message from a PTT and the processed data
being available to a user varies from as little as ninety minutes to as much
as ten hours, but is normally less than six hours. By means of the Argos
system, drifting buoys can be located to within one kilometre and
constant-level balloons to within three kilometres.
5.15.3

Meteorological_satellites

Since 1960, when the first images were received from the weather
satellite TIROS-1, developments in electronics and space technology have been
such that the use of satellites in meteorology and oceanography is today
commonplace and taken for granted. Orbiting space platforms can now be used
not only to obtain images of clouds and, as already mentioned, to sound the
atmosphere and to track and acquire data from surface-based and balloon-borne
instruments but also to measure sea-surface temperature, sea-surface height
and other oceanic parameters, including sea-surface roughness on various
length scales, ranging from ripples to swell and longer waves. They can also
be used to ascertain ocean colour and monitor movements of plankton and
pollution.
There are two kinds of meteorological satellite:
geostationary and
polar orbiting (Figure 5.26). As noted earlier, the orbits of polar orbiters
are Sun synchronous. In other words, the orbital planes of the satellites are
fixed with respect to the sun. At a given point, therefore, each satellite
passes overhead twice a day, at approximately the same local times every day.
For example, the equatorial crossings of the Advanced TIROS-N satellites
(NOM-9 and NOM-10) occur at 1430 and 0230 and 0730 and 1930 hours local
solar time, respectively. In contrast, the orbits of geostationary satellites
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are geosynchronous (synchronized with Earth's rotation), so that each
satellite remains over the Equator, constantly above a single point.
METEOSAT, the European Space Agency's geostationary satellite, for example, is
Geostationary satellites are
located above the point 0 ° lat. 0 ° long.
situated at a height of 35 900 km, while the altitudes of polar orbiters are
typically in the range 800 to 900 km.
Thus, a geostationary satellite
provides coverage of almost a third of Earth's surface, observing a circular
surface area extending to the parallels of 75 ° N and S and to 75 degrees of
longitude east and west of the sub-satellite point. Observations of the area
are made every 30 minutes. Because of perspective problems near the edges of
the area, however, caused by views of the periphery being oblique, useful
imagery is obtained from a disc only 110 ° to 120 ° in diameter.

Figure 5.26 - The orbits and locations of meteorological
explanation, see text (section 5.15.3)

satellites.

For

Geostationary satellites are also used for oceanographic purposes.
So, too, are the NOM polar orbiters and their Soviet equivalents, the
satellites of the METEOR series. The satellites of the LANDSAT series have
also proved useful in oceanography, for mapping coastal waters, for example,
and 'for delineating water masses. SEASAT, however, was specifically designed
for surveillance of the ocean surface, and the Coastal Zone Colour Scanner
(CZCS) aboard NIMBUS-7 has collected much quantitative information on
sea-surface temperature, ocean colour, chlorophyll concentrations, surface
vegetation, pollutants and suspended sediments.
NIMBUS-7 was launched in
October 1978 and the CZCS was operational until June 1986, when it ceased to
function because of insufficient spacecraft power. The orbit of NIMBUS-7 was
Sun synchronous and near polar; the satellite's orbital period was 104
minutes; the satellite crossed the Equator at 1200 hours local time; and its
altitude was 955 km. SEASAT was launched on 28 June 1978 and unfortunately
ceased to function less than four months later, on 10 October 1978. Whilst
operational, however, it returned a unique and extensive set of observations
of the oceans. The satellite's altitude was 790 km, its orbit was almost
circular and near polar, and its orbital period was 100.75 minutes.
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SEASAT was designed primarily to measure the roughness and topography
of the ocean surface, as well as the lengths and directions of waves and swell
and the speeds and directions of surface winds. As most of its sensors were
microwave devices, it could operate at any time of day or night and could
observe the ocean surface whatever the cloud conditions.
The satellite
carried three different types of radar: one served as an altimeter, which was
able to measure the distance between the satellite and the ocean surface to a
precision of ±10 cm; another served as a scatterometer, which was designed to
ascertain wind speed to an accuracy of ±2 m/s and wind direction to an
accuracy of ±20 ° in swaths about 1 000 km wide on each side of the spacecraft;
and the third was a synthetic aperture radar (SAR), which provided radar
images of the sea surface in swaths 100 km wide centred 250 km to the right of
the spacecraft (Figure 5.27). The satellite also carried two radiometers, one
an instrument sensitive to visible and infra-red wavelengths, the other a
scanning multifrequency microwave radiometer, which was designed to supplement
the other sensors and also provide information on ice cover and sea-surface
temperature. SEASAT was the first civilian satellite to carry a synthetic
aperture radar. The operating frequency of this apparatus was 1.275 GHz
(corresponding to a wavelength of 23.5 cm) and the device provided a spatial
resolution on the ocean surface of about 25 m x 25 m. The operating frequency
of the altimeter was 13.7 GHz (corresponding to a wavelength of 2.2 cm) and
the operating frequency of the scatterometer was 14.5 GHz (corresponding to a
wavelength of 2.1 cm). The scatterometer measured wind speed by relating the
strength of the backscattered radar signal to the surface roughness induced by
the wind. Direction was ascertained by means of orthogonal antennae, two
looking ahead and two looking astern of the spacecraft.
SEASAT's SAR was able to detect waves on the ocean surface longer than
100 m, providing the significant wave height was greater than 1 m and the
surface wind speed greater than 2 m/s. The usefulness of SAR as a means of
measuring waves was shown by the fact that simultaneous "sea truth"
observations were consistent with satellite-derived values of wave length and
direction to within about 15% and 25 degrees, respectively. Moreover, SAR was
also able to detect trains of internal waves, as well as bathymetric features,
biological and man-made slicks, oceanic eddies and fronts, and boundaries
between currents. Another opportunity to assess the capabilities of SAR was
provided by NASA's second Shuttle Imaging Radar Experiment, in late 1984.
This time, ocean-wave imagery was collected over an area monitored
simultaneously by aircraft-borne radar sensors capable of measuring the
directional energy spectrum of' the sea surface more accurately than by any
conventional in situ technique. The results were impressive, the potential
for estimating wave-height spectra reliably from SAR images being amply
demonstrated. Indeed, satellites of the 1990s, such as those of the European
ERS series will certainly be equipped with SAR. They will also be equipped
with other sophisticated microwave devices such as radar altimeters, by means
of which distributions and movements of sea ice can be monitored, significant
wave height measured and ocean currents mapped.
5.15.5

Accuracy of satellite data

The accuracy and reliability of satellite-borne sensors will
undoubtedly continue to increase, benefiting seafarers not only through
greater knowledge and understanding of meteorology and oceanography but also
through improvements in telecommunications and navigation. Meanwhile, the
extent to which satellite-based remote sensing has already transformed marine
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SATELLITE
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Figure 5.27 - SEASAT's
geometry,
the radar
radar and

synthetic aperture radar
imaging
where r is the incidence angle of
pulse and R the distance between the
the target (the slant range)

science can be gauged from the following summary of satellite-derived
information now available to meteorologists and oceanographers or likely to be
available in the near future. Sea-surface temperature can be measured to
±1 ° C, with ±0.5 ° C expected soon (the temperature in question indeed being that
of the surface, as water is virtually opaque to the wavelengths of the
electromagnetic radiation used for sensing temperature). Radiation components
can be measured to _±3 W/m 2 ; and amounts of rainfall over the open ocean can
be estimated from the brightness of cloud images.
From observations of
sea-surface temperature, areas of upwelling can be located, and from
observations of ocean colour, chlorophyl 1 production by phytoplankton can be
estimated. The speeds and directions of currents near coasts can be inferred
frem siltation patterns, while the speeds and directions of currents on the
open ocean can be inferred from the movements of drifting buoys and may also
be ascertainable soon from radar altimeter measurements of the slope of the
sea surface. Concentrations and movements of sea ice can be monitored and
icebergs tracked, with a horizontal resolution of 100 m achievable now and
25 m expected in the near future (when the latest radar techniques are
deployed). It is anticipated that altimeters will soon measure wave height to
±1 m or 25% of the actual height and that scatterometers will soon yield
values of surface wind speed accurate to ±2 m/s and direction to ±20 ° .
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Codes

Codes are used for transmitting meteorological and oceanographical
observations from ships and other sea stations to shore. There are two main
reasons for using such codes: the need to write out weather messages in plain
language is thereby obviated, and the absence of language barriers is
conducive to international co-operation. The codes are agreed internationally
and consist entirely of numbers, although certain reports, such as those
concerned with ice conditions, may be made in plain language if the observer
so desires.
The basic format adopted for coding observations has changed
little in the past half century. However, minor changes and improvements are
effected from time to time, and major revisions of the codes are made
occasionally. On 1 January 1982, for example, a completely new set of codes
was introduced, the revision being found necessary to facilitate computer
processing of data. Sophisticated data-processing techniques are widely used
nowadays, and in most meteorological offices machine plotting has replaced
hand plotting. We consider here only the principles underlying the coding of
observations. For details of the codes currently in use, reference should be
made to the appropriate publications, such as WMO's Manual on Codes
(WMO-No. 306) and other operational manuals published by the World
Meteorological Organization. Details are also contained in the government
publications of various countries, such as The Ships' Code and Decode Book of
the British Meteorological Office (published in the United Kingdom by Her
Majesty's Stationery Office).
Each code form is identified by the letters FM, followed by a number
and a Roman numeral. Thus, the various code forms can be distinguished one
fram another and from the code tables. An indicator term, known as a code
name, is also used to designate the code form colloquially. At present the
principal code forms used by mariners are as follows:
•

FM 12-IX SYNOP, used for reporting synoptic surface observations and
instrumental readings from land stations, manned or automatic;

•

FM 13-IX SHIP, used for reporting synoptic surface observations and
instrumental readings from sea stations, manned or automatic;

•

FM 14-VIII DRIBU, used for reporting observations and instrumental
readings from drifting buoys;

•

FM 63-V BATHY, used for reporting bathythermal data;

•

FM 64-V TES.AC, used for reporting surface and subsurface values of
temperature, salinity, current direction and current speed.

Other code forms are used for reporting upper wind data from land and sea
stations, upper-level pressure, temperature, humidity and wind data from land
and sea stations, monthly mean values of surface data from fixed sea stations
and monthly mean values of aerological data from fixed sea stations.
Each SYNOP, SHIP, DRIBU, BATHY or TES.AC message is identified by a set
of symbolic letters. These are, respectively, �, BBXX, ZZXX, JJXX and
KKXX. A message always begins with the appropriate letters and continues with
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a series of five-figure groups. A SHIP report, for example, always begins
with the letters BBXX and the call sign of the ship or other identifier, such
as PLAT (in the case of an oil or gas platform) or RIGG Cin the case of a
drilling rig).
Then follow (Figure 5.28) the groups YYGGiw 99LaLaLa
(in UTC), GG
Qc LaL a LoLo , where YY signifies the day of the month
signifies the time of the observation to the nearest hour (UTC), iw
indicates the units used for reporting wind speed (knots or metres per second)
and the method used for ascertaining the speed (estimated or measured) , 99
identifies the message as one from a sea station,
LaLaLa is the
station's latitude in degrees and tenths, Qc is the quadrant of the globe
and L0L 0 L 0 L0 is the station's longitude in degrees ·and tenths.
There
follow groups containing information about visibility; wind speed and
direction; air temperature; dew-point temperature; barometric pressure;
present weather; past weather; sea-surface temperature; the types, heights and
amounts of clouds; the ship's course and average speed; the heights and
periods of waves; the heights, periods and directions of swell; the type,
thickness and rate of accretion of ice; and the types, thicknesses and
concentrations of sea ice. Cloud amount is reported in eighths (oktas), wind
direction in tens of degrees, wind speed in knots or metres per second, air
temperature and dew-point temperature in whole degrees and tenths, sea-surface
temperature in whole degrees and tenths, wave period and swell period in
seconds, wave height and swell height in units of 0.5 m, swell direction in
tens of degrees, and thickness of ice accretion in centimetres. Codes are
used for reporting visibility, cloud height, cloud types, present weather,
past weather, ship's course, ship's average speed, type of ice accretion, rate
of ice accretion and characteristics of sea ice.
Barometric pressure is
reported in hectopascals and tenths, omitting the thousands digit.
Thus,
986.3 hPa is coded as 9863, 1015.6 hPa as 0156. The barometric tendency (the
pressure change during the three hours preceding the time of observation) is
expressed in tenths of a hectopascal.

BBXX
BBXX

YYGGiw
19063

99Lalala
99570

4PPPP 7wwW1W2
40025 71588

OcloLoloLo
70205

222DsVs 2PwPwHwHw
22261 21014

iRixhVV
41498
3dw1d w1//
324//

Nddff 1snTIT
52741 10089
4Pw1 Pw1Hw1Hw1

41010

The observation is for the nineteenth day at 0600 UTC, and the wind speed
The ship is at 57.0 ° N 20.5 ° W CQ c =7
Ciw=3) is estimated in knots.
indicating latitude N, longitude W).
The symbols iR and ix indicate,
respectively, no precipitation amount available, and the group 7wwW1Wz
The height of the base of the lowest cloud in the sky (h=4) is
included.
300-600 metres. The visibility (W=98) is 20 km, the total amount of cloud
(N) 5 oktas ,. the wind direction {dd) 270 ° and the wind speed (ff) 41 knots.
The
The air temperature is +8.9 ° C Cs n=O indicating the positive sign).
barometric pressure is 1002. 5 hPa, the present weather (ww=lS) precipitation
within sight and the past weather (W1W2=88) showery.
The ship's course
CD s ) is westerly (true) and its speed Cv s ) between 1 and 5 knots. The
period of the waves <Pw Pw >> is 10 seconds and their height
CHwHw )
7 metres. The direction from which the principal swell waves are travelling
is
10 seconds and their
Cdw1dw 1) is 240 ° ; their period CPw1Pw 1)
height CHw 1Hw1> is 5 metres.
Figure 5.28 - A coded weather
(section 5.16.1)

report.

For further explanation,

see text

OBSERVATIONS

255

FM 45-IV IAC (the International Analysis Code) is used for
broadcasting weather analyses and prognoses in full, while FM 46-IV IAC FLEET,
which is intended specifically for mariners, is used for broadcasting weather
analyses and prognoses in an abbreviated form suitable for rapid transmission
by WIT or teleprinter. FM 61-IV MAFOR, the maritime forecast code, is used
for broadcasting weather bulletins for shipping when broadcasting in the
English language is not possible. Most meteorological services broadcast
bulletins in plain language (first in the language of the country concerned,
then in English). Sometimes they provide supplementary information, using one
or more of the following code forms:
FM 12-IX, FM 13-IX, FM 14-VIII,
FM 45-IV, FM 46-IV. We focus upon weather bulletins and study the IAC, IAC
FLEET and MAFOR codes in Chapter 6. Now we consider marine climatology.
5.17

Meteorological log-books

As noted at the beginning of this chapter, the observations reported
by seafarers and recorded in the meteorological log-books of ships are used
not only by weather forecasters but also by climatologists and others. It is,
therefore, important, as already stressed, that observations are made as
carefully as possible and recorded accurately in the log-books. Although the
ships' officers responsible for maintaining log-books have normally received a
certain amount of instruction in meteorology, oceanography and observational
practices whilst studying at schools of navigation, most of them are,
nevertheless, non-professional observers. National Meteorological Services
are usually responsible for collecting and checking log-books, transferring
data to magnetic tape (for computer processing) and drawing errors to the
attention of observers so that inaccuracies, misconceptions and oversights may
be avoided in the future.
Obvious errors can be detected by comparing consecutive observations
and instrwnental readings for consistency. For example, discrepancies of
5 hPa or 10 hPa between actual and measured values of atmospheric pressure are
quite common. So, too, are 5 ° and 10 ° errors in readings of thermometers.
Errors can also be detected by comparing the various components of a
meteorological report for internal consistency. For example, a report of
heavy snow falling when the air temperature is 25 ° C would suggest the presence
of an error! Generally, though, care should be taken when deciding whether or
not to correct or reject a doubtful value. It may be better to discard
individual values which are questionable or to delete sets of observations
which appear to be substandard than to make corrections which are dubious.
However, marine observers and others who check observations and readings for
errors should bear in mind that a value which appears to be incorrect may not
actually be so.
It may be an abnormal or extreme value of special
meteorological interest, and important information may be lost if it is
discarded. In many meteorological offices nowadays the contents of weather
messages and the observations from ships' log-books are quality controlled
automatically, using computer facilities.
5.18

Marine climatology

Until the mid-1970s, the observations entered in meteorological
log-books were recorded on International Maritime Meteorological Punch Cards.
Today, as already noted, the observations are recorded on magnetic tape and
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processed by means of electronic computers. After they have been checked,
verified and corrected, they are sorted into 10 ° squares (which are bounded by
meridians and parallels at intervals of ten degrees and known as "Marsden
squares"). Each square is numbered and each is subdivided into 5 °, 2 ° and 1 °
squares (Figures 5.29 and 5.30). The observations are also sorted by month.
Thus, monthly mean values and monthly percentage frequencies can be computed.
Squares of 1 ° or 2 ° are normally used for temperature data, but 5 ° squares
tend to be preferred for wind, wave and current data.
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Figure 5.29 - Marsden chart of the world
As spatial changes of climate are more gradual over the sea than over
land, observations from a fairly large area can be considered representative
of a given point on the ocean. Near coasts, however, and near boundaries
between currents of markedly different temperature (such as the western edge
of the Gulf Stream), rapid changes of climate may occur within short
Accordingly, observations from such areas may require special
distances.
Furthermore, as mariners steer clear of heavy weather whenever
treatment.
possible, there tends to be a fair-weather bias in marine climatology.
It is also a problem in marine climatology that observations are made
regularly at the same places only at fixed sea stations. Whilst a vessel is
passing through a particular square, a series of observations is made at
Thereafter, there may be no further
intervals of 6 or perhaps 12 hours.
In other words,
observations in that square for days, weeks or even years.
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Figure 5.30 - The scheme for subdividing Marsden squares
the observations which are made are samples; and they are not even independent
samples, because the likelihood is that consecutive observations have been
made in the same type of weather. Moreover, most marine observations are made
along the principal shipping routes of the world, so the numbers of
observations in neighbouring 10 ° squares may vary considerably. Indeed, it is
still the case that large areas of the oceans are virtually devoid of
observations.
5.18.2 -Presentation
of data
-------Climatic data may be presented in either tabular form or chart form.
The tabular form is generally used for presenting data from fixed sea stations
or small selected areas. The chart form is generally used for displaying
distributions of mean values and percentage frequencies over large areas. On
charts the distributions are usually portrayed by means of isopleths, which
are lines drawn through all points possessing the same value. An isobar, for
example, is a line connecting places with the same atmospheric pressure, and
an isotherm Joins places with the same temperature.
Isopleths are not
appropriate for portraying vector quantities such as wind and current,
however, because vectors possess two properties, those of magnitude and
direction. Nevertheless, isopleths can be used to show frequencies of gales,
for example, if direction is not important. Wind-roses and current-roses are
used for summarizing wind and current data (Figure 5. 31).
These show, for
each area, the percentage frequency of flow in each direction by means of
arrows, the length of each arrow being proportional to the percentage
frequency. Each arrow is also divided into segments, to show the relative
frequency of observations within various speed categories.
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Figure 5.31 - A typical wind-rose (above) and a portion of a
current-rose chart (below}
5.18.3

Climatological_sumrnaries

In addition to marine data from oil and gas platforms, light vessels,
ocean weather ships, buoys and satellites, most maritime nations collect and
store marine data from ships of their national merchant fleets.
They have
been collecting such data for many years. Thus, the national archives of
marine data collectively contain an enormous number of observations. Indeed,
the archive of the British Meteorological Office alone contains over 42
million observations, some of them dating back to 1850. To facilitate the
world-wide collection and exchange of marine data for research and other
purposes, including the preparation and publication of monthly and annual
climatological summaries, eight nations are now responsible for collecting,
sorting, checking and storing marine data obtained in regions allocated to
them. The "Responsible Member" for the South Atlantic Ocean, for example, is
the Federal Republic of Germany, and the nation responsible for the North and
South Pacific Oceans east of the longitude 1700W is the United States of
America (Figure 5. 32).
It is a central feature of this scheme of
international co-operation that all nations supply the data collected from
their ships to regional centres; each observation being sent to-the centre for
the region in which the ship was situated at the time the observation was made.
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Climatological summaries are compiled for 1 ° squares and for selected
representative areas.
They include the following elements:
dry-bulb
temperature,
dew-point
temperature,
sea-surface
temperature,
air-sea
temperature difference, visibility, weather, wind direction and speed,
atmospheric pressure, cloud, and waves. For both 1 ° squares and selected
representative areas, monthly mean and annual mean values of dry-bulb
temperature,
dew-point
temperature,
sea-surface
temperature,
air-sea
temperature difference and atmospheric pressure are calculated, and for each
of these elements the total number of observations is recorded. In addition,
extreme values are noted for each 1 ° square (with dates and hours of
occurrence and 5, 25, 50, 75 and 95 percentile values found for each month);
frequency tables are compiled for each of the selected representative areas
(in 1 ° C steps· for temperature, 2-hPa steps for pressure between the parallels
of 30 ° N and 30 ° S, 4-hPa steps for pressure poleward of 30 ° N and 30 ° S). Other
statistics recorded in the summaries include the number of occasions the
various types of precipitation have fallen, the numbers of gales, storms and
hurricanes which have occurred each month, monthly mean cloud amounts, and
percentage frequencies of wave height, period and direction. As polar sea
areas pose problems of a statistical nature for climatologists, mainly because
of the scarcity of observations in high latitudes and the marked seasonal
changes in ice conditions and water temperature which occur there, special
procedures have - been adopted for preparing meaningful marine climatological
summaries for Arctic and Antarctic regions C i.e. for sea areas north of 60 ° N
and south of 50 ° S).
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Seafarers have systematically recorded readings of sea-surface
temperature in their log-books for about 200 years. In the latter part of the
eighteenth century, this temperature was used mainly as an aid to navigation,
particularly for identifying the western boundary of the Gulf Stream.
In
those days, before the advent of reliable chronometers, methods of finding
longitude were somewhat primitive, and the sharp temperature contrast on the
western edge of the Gulf Stream was used as a means of finding it. In the
words of Matthew Fontaine Maury, however, in The Physical Geography of the Sea
and its Meteorology (published in 1855i, "this dividing line seldom changed
its position as much in longitude as mariners often erred in their
reckoning". He noted that instances [were] numerous of vessels navigating the
Atlantic in those times being 6 ° , 8 ° and even 10 ° of longitude out of their
reckoning in as many days from port" and added, "Vessels from Europe to Boston
frequently made New York and thought the landfall by no means bad!".
Nowadays, information about sea-surface temperature is required for other
purposes, being useful in studies of, for example, air-sea interaction,
climatic variability, fisheries and marine fouling.
The potential value of such a long accumulation of sea-surface
temperature data was realized in the early 1960s and thus the Historical
Sea-Surface Temperature Data Project was conceived.
The project was
inaugurated in the early 1970s, with the aim of collecting and checking marine
meteorological data and publishing monthly summaries of sea-surface
temperature, surface air temperature and surface wind speed and direction for
the period 1860 to 1960. In the data sets for the Atlantic and Indian Oceans,
wet-bulb temperature, total cloud amount and barometric pressure were also
included. The project is now complete, the outcome being a global data set of
high quality, comprising vector-mean wind speeds, monthly mean values of
scalar wind speed, resultant wind directions, monthly means and standard
deviations of sea-surface temperature and air temperature, and the numbers,
positions and times of sea-surface and air temperature observations. Over-25
million observations were considered sufficiently reliable to be used in the
project. The data summaries are divided according to ocean area, with one for
the Pacific Ocean, another for the Atlantic Ocean and a third for the Indian
Ocean and the Mediterranean Sea. To avoid major inhomogeneities, each area is
further divided into subareas which are mostly 5 ° in latitude by 10 ° in
longitude but in some regions of sparse data are as large as 10 ° in latitude
by 60 ° in longitude. Copies of the original data and the data tables for the
various subareas are available on microfiche or magnetic tape from the
data-processing centres of the nations which were responsible for collecting
and summarizing the data. The responsible nations were the United States of
America for data from the Pacific Ocean, the Federal Republic of Germany for
data from the Atlantic Ocean and The Netherlands for data from the Indian
Ocean and the Mediterranean Sea.
Another example of an endeavour to improve the availability of marine
data and to provide facilities for exchanging data is the International
Oceanographic Data Exchange system (IODE), which is co-ordinated primarily by
a Working Committee of the Intergovernmental Oceanographic Commission (IOC).
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The purpose of the system is to promote exchanges of oceanographic data,
standardize forms for reporting and coding data, encourage the preparation of
data catalogues, and assist in the development of national oceanographic data
centres. In addition, the system is intended to provide accurate and complete
oceanographic data bases, synthesized data sets, and products designed to meet
the needs of users, particularly scientists and engineers. At the heart of
the IODE system, there are two World Data Centres for Oceanography, one in
Moscow (USSR), the other in Washington (USA), each with links to the National
Oceanographic Data Centres, of which there are at present 25. The World Data
Centres are responsible for collecting as complete a set of oceanographic data
as possible. �They are also responsible for storing incoming data safely,
copying and reproducing data correctly, preparing catalogues of data, and
supplying data to users. Their archives contain temperature, salinity, oxygen
and nutrient data from classical hydrographic stations, temperature data from
mechanical and expendable bathythermographs, temperature and salinity data
from STD and CTD probes, and biological data from cruises (including data on
plankton, primary production, pigment concentrations, carbon-14 measurements
and fishery observations). They also contain data relating to surface and
subsurface currents, as well as geophysical and geological data C including
magnetic profiles, gravity profiles, seismic profiles, heat-flow measurements,
sea-bed cores and underwater photographs). The !GOSS project (mentioned near
the beginning of this chapter) and the !ODE system were originally designed to
serve different user communities. However, for practical reasons and because
of the expansion of international scientific research programmes, the two were
combined in 1985 to form an integrated IGOSS/IODE data-management system.
5.18.7 Charts and atlases
Finally in this chapter, we note that seafarers and others who use the
oceans require reliable climatic charts and marine atlases. Since the days of
Maury, such charts and atlases have been prepared by the meteorological
services of several nations. For the most part, though, they have been based
upon observations reported from ships of the nations carrying out the
cartographic work. It is obviously preferable to make use of all available
observations, whatever the nationalities of the ships providing them, and this
was recognized in the early 1970s.
Now, therefore, by international
agreement, the work of preparing climatic charts and atlases is shared among
certain member nations of the World Meteorological Organization, with each
nation responsible for a specific ocean area.
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FORECASTING
6.1

Introduction

6.1.1
Seafarers have always needed to be weather-wise.
In olden times,
before radio was invented, there were no means by which weather forecasts
could be transmitted to vessels on the high seas. Seafarers needed to be
shrewd observers of nature, for their very lives depended upon their ·ability
to forecast the weather, particularly the approach of heavy weather. Indeed,
it is sti11 true today (in this age of computers, weather satellites and
sophisticated
data-transmission
networks)
that
seafarers need to be
weather-wise, because forecasts supplied by professional meteorologists are
not always correct. The age-old weather wisdom of seafarers forms part of the
store of sayings, maxims, rhymes and proverbs known collectively as weather
lore. Many of these rules and adages are founded upon keen observation and
sound reasoning, but we must be aware that many more stem from prejudice,
superstition, invalid assumptions or incorrect inferences. Those who dip into
the store must therefore do so carefully. The professional weather forecaster
of today relies upon others to observe the weather and the state of the sea.
He works with charts; he carries in his mind conceptual models of weather
systems and he uses mathematical techniques for predicting the behaviour of
the atmosphere.
Centuries ago, seafarers recognized sequences of clouds and other
features of approaching weather systems. Thus, they were able to formulate
rules of thumb which sometimes yielded accurate forecasts.
In 1502, for
example, whilst off the Caribbean island of Haiti, Christopher Columbus
predicted the advance of a hurricane successfully and on 16 August 1667,
Captain Langford, a , British naval officer, read the warning signs of an
approaching hurricane seemingly with such expertise that his instructions for
the manoeuvring of a squadron of ships ensured avoidance of the worst of the
storm (which devastated Nevis, one of the Leeward Islands, three days later).
Langford's feat should not be underestimated.
Nevertheless, he probably
enjoyed an element of luck. As noted in Chapter 4, tropical cyclones tend to
behave capriciously. They are notorious for changing course unexpectedly and
thus defying prediction.
Columbus, Langford and their contemporaries obviously recognized the
warning signs of approaching tropical cyclones and may have sensed that these
systems are progressive synoptic-scale vortices (though they did not use such
terminology!).
However, the spatial extent of the systems was not fully
appreciated before the nineteenth century, and their wind and weather patterns
were not explored in detail before the middle of the twentieth. As tropical
cyclones spend most of their lives over the sea, it is impracticable to
investigate their structure and properties without reconnaissance aircraft,
radiosondes and satellites. Indeed, from time immemorial, mariners have tried
to avoid tropical cyclones.
If they have had the misfortune to find
themselves in the midst of one, they have tended, not surprisingly, to be
preoccupied with saving themselves, their vessel and its cargo rather than
attempting systematic meteorological observation.
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Conceptual models

Wind and weather distributions in tropical cyclones are markedly
different from those in extratropical depressions. This has long been known.
Otherwise, notions about these weather systems were vague before the early
part of the 19th century, and conceptual models were correspondingly
simplistic.
By about 1850, both types of system were known to be
synoptic-scale vortices with calm centres.
In addition, extratropical
depressions were known to be asynunetrical systems containing two or more
distinct air streams, whereas tropical cyclones were known to be symmetrical
systems and believed to be homogeneous. · Moreover, extratropical depressions
were known to originate in the middle-latitude zone of prevailing westerlies
and typically travel eastwards. In contrast, tropical cyclones were known to
be systems which originate in low latitudes and typically move around
subtropical anticyclones to enter middle latitudes, where they dissipate
rapidly or assume the characteristics of extratropical depressions.
Between the middle of the 19th century and the middle of the 20th,
there was little progress towards a realistic conceptual model of tropical
cyclones. Indeed, these systems are still not fully understood, despite the
endeavours of many distinguished meteorologists since World War II. Models of
tropical cyclones are still far from perfect.
Models of extratropical
depressions are also not yet perfect, and this is one reason why weather
forecasts are not always correct. However, the frontal model conceived during
World War I by a team of Scandinavian meteorologists led by Jakob Bjerknes,
though obsolete now as a basis for explaining atmospheric behaviour in middle
and high latitudes, is still extremely useful as a practical tool for purposes
of weather analysis and forecasting. The essence of the model is that
well-marked transitional zones called fronts separate air streams (or air
masses) of different origin.
The characteristics of these fronts are
described in Chapter 4.
6.2

The work of L.F. Richardson

Soon after World War I, the mathematician L.F. Richardson published a
book which is now considered a classic. In this pioneering work, entitled
Weather Prediction by Numerical Process (Cambridge University Press, 1922),
Richardson explained how the state of the atmosphere might be forecast using
mathematical methods alone. His postulate was that the atmosphere is a fluid,
its behaviour governed by the laws of fluid dynamics (which are expressed by
the equations of motion, the equation of continuity and the equations of
thermodynamics). He assumed that the motion and state of the atmosphere are
completely described by these equations (the variables being pressure,
temperature and velocity) and he further assumed that the future state of the
atmosphere can be ascertained by solving the equations, given that initial and
boundary conditions of the atmosphere are known. He was aware that the
equations of motion of a fluid are of the type known as non-linear partial
differential equations of the second order and he therefore adopted
approximate numerical methods to solve them.
In practice, Richardson's
attempt at forecasting by the hydrodynamical method was a complete failure, in
that his prediction of barometric change (a rise of 145 hPa over a period of
six hours) was wrong by at least two orders of magnitude. However, the basic
reasons for the failure were soon discovered, and scientists now accept that
his approach was correct in principle. Indeed, Richardson has come to be
regarded as the father of numerical weather forecasting.
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Richardson's method failed because of data deficiencies, computational
problems and mathematical difficulties, but in 1922 his basic concept was far
ahead of its time. Even now, scientists have not perfected the computational
techniques which are used to solve non-linear differential equations, and they
are still working to improve the mathematical models which underlie the
objective method of weather forecasting. Furthermore, when Richardson-carried
out his experiment there were few upper-air stations, and the quality of the
data obtained from them tended to be poor. Until reliable upper-air data
became available regularly, first from aircraft and later from radiosondes and
satellites, knowledge of initial and boundary conditions of the atmosphere was
rarely sufficient for purposes of nwnerical weather prediction.
In fact,
despite many improvements in observational coverage since 1922, the demands of
weather forecasters for accurate surface and upper-air data
remain
insatiable. As noted in Chapter 5, endeavours to improve the quantity and
quality of observations continue.
6.2.1
There is another reason why in 1922 Richardson's concept was far ahead
of its time.
Nothing more sophisticated than a desk-top calculator was
available to help him perform the millions of calculations which are involved
in the production of a weather prediction by numerical process. Accordingly,
the calculations could not be completed fast enough for a forecast to be
useful. Without the electronic computers of today, Richardson's dream could
not be realized. In his words: "Perhaps some day in the dim future it will
be possible to advance the computations faster than the weather advances and
at a cost less than the saving to mankind due to the information gained". By
the time Richardson died ( 1953), the first steps towards the realization of
his dream had been taken, using electronic computers which were able to
perform complicated calculations ten times faster than had otherwise been
possible. Nowadays, the empirical and largely subjective methods of weather
forecasting that depend heavily on the experience, skill and judgement of the
individual human forecaster have, in most countries outside the tropics, given
way to objective mathematical predictions made with the help of electronic
computers capable of performing millions of calculations per second.
Subjective methods are still preferred in the tropics because they tend to be
more successful than numerical methods. However, the mathematical approach is
now sufficiently reliable to be used operationally for predicting the
behaviour of tropical cyclones, storm surges and monsoonal weather systems.
6.3

Short-range weather forecasting

6.3.1
In short-range weather forecasting (the forecasting of weather over
periods of several hours to a few days ahead), there are three stages: data
acquisition and processing, analysis of the existing weather situation;
prediction of the future evolution and movement of atmospheric disturbances
and the weather associated with them. We consider each of these stages in
turn, but first we note that the physico-mathematical models which are used in
numerical weather forecasting are necessarily simplified compared with the
complexity of the real atmosphere. Nevertheless, these models must adequately
represent the physical and dynamical processes which control atmospheric
behaviour.
In other words, they must properly represent all relevant or
significant scales of motion and their interactions. They must also smooth
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out the small-scale motions which cannot be observed fully or represented
individually. At the same time, however, these small-scale motions cannot be
ignored.
Their overall effects must be taken into account by means of
parametrization, a statistical process in which the average properties of the
motions are represented in terms of larger-scale parameters which can be
measured.
6.3.2

Data_requirements

Data acquisition and processing are considered in Chapter 5. It is
enough to reiterate here that weather forecasts cannot be reliable without
accurate input data. Indeed, the observations and measurements which are used
to define the initial state of the atmosphere must be sufficient in both
quantity and quality. Serious errors in short-range weather predictions arise
mainly from inadequate observational coverage, especially over the oceans and
remote land areas. In the words of A. Woodroffe (in an article on short-range
weather forecasting, first published in Weather, Volume 39, October 1984, and
reproduced in The Marine Observer, Volume 55, July 1985): "On occasions there
can be considerable uncertainty over the correct surface analysis, depending
on the number, distribution and reliability of observations from ships. There
may be a total absence of reports from an area where a depression is located,
making its depth - or possibly even its existence - uncertain, with obvious
repercussions on the confidence that can be placed in any forecast."
6.3.3

The
- --Fastnet
-- - -storm
- -

When satellite pictures of high quality are available, as Woodroffe
pointed out, it is often possible now to deduce the position of a depression's
centre fairly reliably from cloud patterns and even to gain a qualitative idea
of the system's intensity. As he further pointed out, however, there are
still many occasions when serious doubt exists over the details of an
analysis, the classic example being that of the Fastnet storm of 13-14 August
1979. This storm occurred south of Ireland whilst many of the yachts
competing in a race from Cowes (Isle of Wight) to the Fastnet Rock and back to
Plymouth were in the area (Figure 6 .1). Winds reached hurricane force and
waves 13 m in height were reported. Fifteen yachtsmen drowned, five yachts
sank, 19 were abandoned but later retrieved, and only 85 yachts out of 303
finished the race. The problem was explained thus by Woodroffe:
At 0001 UTC on 13 August 1979, 24 hours before the storm reached its
peak, there were no observations at all in the crucial area of the
central North Atlantic where the depression was located. The nearest
ship ·was about 350 n.mile from the estimated position of the low
centre, giving little clue to its depth or likely behaviour. These
uncertainties over the correct analysis persisted throughout the
following day, culminating in the problems encountered in the analysis
of the depression at 1800 UTC when it was approaching southwest
Ireland.
As shown in Figure 6 .1, the three ships nearest the low
centre reported coded pressure values 985, 992 and 038, numbers which
should represent pressures of 998.5, 999.2 and 1 003.8 hPa
respectively. Unfortunately, the coded pressures all appear to have
been in error, the first two suggesting that the low was still a
relatively modest feature with central pressure only a little below
1000 hPa.
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Figure 6 .1 - The course of the Fastnet Race and the surface
analysis for 1800 UTC on 13 August 1979
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In fact, the correct values of the first two were almost certainly 985
and 992 hPa respectively, and the third was probably 993.8 hPa. As Woodroffe
commented, "there is little doubt that these analysis problems delayed the
recognition of this exceptional case of cyclonic development."
6.3.4

Uncertainties
------

Inadequacies in observational coverage can also make the location of
fronts and other precipitation areas difficult. This can be so even when
satellite pictures of high quality are available, particularly at night. The
difficulty then is that reliance must be placed upon infra-red images, and
these are dominated by emissions of radiation from high clouds rather than
emissions from the precipitation-bearing clouds of low and medium levels.
Uncertainty in the analysed position of a front or precipitation area is quite
often responsible for an incorrect weather forecast. If a front is moving at
25 kn, for example, an error of 100 n.mile (185 km) in its analysed position
can cause the forecast time of arrival at a point to be in error by four hours
or more. Furthermore, an error of 100 n.mile can make all the difference
between an area of snow just skirting a coastal region or extending well
inland. Numerical models cannot resolve such uncertainties by themselves.
Intervention by experienced human forecasters is necessary - to recognize
deficiencies in analyses, to identify erroneous observations and to take
account of qualitative information (such as that derived from satellite
imagery).
6.3.5

Grids for numerical models

Starting from a set of observations plotted on a chart, an analyst can
draw isobars, fronts, upper-air contours, isotherms, isotachs and other curves
and thus gain an impression of weather patterns, temperature distributions,
wind fields and so on over the region concerned. These tasks are, however,
laborious and time consuming, and in many meteorological offices nowadays they
are, instead, carried out automatically, and very rapidly, using graph
plotters connected to electronic computers. Such computers are also used to
estimate (by interpolation) values of atmospheric variables at points other
than those where observations and measurements are actually made.
This
facility is important in numerical forecasting, in which a three-dimensional
grid of points is used to define the initial state of the atmosphere. The
horizontal spacing of grid points is several tens or a few hundred kilometres,
and above each point there is a stack of pressure levels, the lowest near the
bottom of the troposphere, the highest in the stratosphere. In the global
model used by the Meteorological Office of the United Kingdom from 1982 to
1990, for example, 15 levels were used (between the surface and a height of
about 25 kin), and the grid points were spaced at intervals of 1.5 ° in
latitude, 1.875 ° in longitude (Figure 6.2). In the global model which
replaced it, 20 levels are used (between the surface and a height of about 35
km), and the grid points are spaced at intervals of 0.833 ° in latitude, 1.25 °
in longitude.
6.3.6
The essence of the empirical
and high latitudes) is as follows.
analysed, by means of charts which
1 000-hPa contours, 500-hPa contours

method of weather forecasting (in middle
First, the current weather situation is
show distributions of sea-level isobars,
and 1 000- to 500-hPa thicknesses. Then,
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Figure 6.2 - The 15 levels of the numerical model used by the
British Meteorological Office. The levels are
labelled with pressure values expressed as a
proportion of the pressure at the underlying sea
or land surface.
The grid points of the
fine-mesh model are shown
a prebaratic is produced, a chart showing the positions of sea-level isobars
and fronts at some specified time in the future (for example; 12, 24 or 36
hours ahead).
From this, the weather is forecast.
When preparing the
prebaratic, forecasters look for regions of cyclonic and anticyclonic
development, bearing in mind that continuity from previous atmospheric states
must be maintained. They also use rules of thumb. For example, depressions
tend to be steered along thickness lines at roughly the speed of the thermal
wind, and thickness lines tend to move at about two-thirds of the geostrophic
wind component at right angles to them. In addition, forecasters use rules of
thumb which any mariner can apply.
We note these later in this chapter.
Forecasters also refer to graphs showing vertical variations of temperature
and humidity (aerological diagrams, such as tephigrams) .
Furthermore, they
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take into account the effects of topographical features, such as mountain
ranges or large lakes. The success of such a subjective process depends very
much on the skill and experience of the forecasters involved.
6.3.7
The first step in the numerical method of weather forecasting is to
ascertain the initial state of the atmosphere in terms of grid-point values of
atmospheric variables. Then, by solving the non-linear partial differential
equations which represent the physical and dynamical · processes governing
atmospheric behaviour, new grid-point values are calculated for a short
interval of time ahead ( of the order of 10 to 15 minutes). In turn, these
values become initial data for a further solution of the governing equations
for the same short time-step, and the process is carried out repeatedly until
the required forecast interval is reached. Thus, by iteration, the values of
temperature, pressure, wind speed, rate of rainfall and other variables to be
expected many hours ahead can be calculated, and isopleths of these variables
can be drawn. In practice, reliable predictions for up to six days ahead can
be made by this method. Forecasters interpret the values and the isop.l�_t__hs _
and thus produce statements of weather to be anticipated.
The number of
calculations required to produce a numerical forecast is extremely large. For
example, the 16-level model of the British Meteorological Office contained 120
x 192 x 15 grid po.ints, and values of at least six variables were calculated
for each point. Approximately 100 arithmetic operations had to be performed
to calculate each value. Therefore, the number of calculations required to
generate a 24-hour forecast was approximately 120 x 192 x 15 x 6 x 100 x 4 x
24, assuming the time steps to be fifteen minutes.
The computer used for
carrying out the calculation was able to complete the 20 000 000 000
operations in about 20 minutes.
Richardson's dream has certainly been
realized!
6.3.8

-Errors
- - -in- forecasts
- - - - -

As already noted, errors in short-range weather predictions result
from imperfect representations of the ocean-atmosphere system and from
inadequate observational coverage, especially over the oceans and remote land
areas.
However, there are various other sources of error. For example, the
vertical component of air motion, which is of fundamental importance in
cloud-forming and rain-forming processes, is usually too small to be measured
directly. Instead, it is calculated, being represented in numerical models by
the rate of change of atmospheric pressure with time and defined entirely by
the horizontal wind field. Small errors in predicted values of wind speed and
direction can be responsible for large errors in predicted values of upward
motions. This being so, predicted and actual values of rainfall amounts often
differ by as much as an order of magnitude.
The need to parametrize
small-scale processes, such as Cumulus convection, imposes a further
limitation.
Even when regional fine-mesh models are used, such as the
mesoscale model of the British Meteorological Off ice, in which there are 15
levels (between the surface and a height of roughly 12 km) and the spacing of
grid points is only 15 km, it is impossible to forecast the locations,
movements and intensities of indivictual shower clouds. In the words of Sir
John Mason, in an article entitled "Weather forecasting as a problem in fluid
dynamics", published in The Marine Observer, Volume 50, July 1980:
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The best that can be done is to predict where and when the atmosphere
is likely to become convectively unstable and so liable to sporadic
outbreaks of showers; there is no possibility of predicting exactly
where and when a shower will actually appear. The forecast may then
perforce take the form of, say, "a high risk of scattered showers,
mostly light and of short duration" since they are likely to be almost
randomly distributed. Indeed, a shower having been accurately located
by radar or satellite, its subsequent motion and development can best
be predicted by extrapolation, not necessarily linear extrapolation,
of its recent evolution.

6.3.9

In the most advanced of the global-scale nwnerical models now
available, small-scale processes in low latitudes are represented so
effectively that the behaviour of tropical cyclones can be predicted as
accurately by means of such models as by any of the specially designed methods
currently in use around the world.
Nevertheless, seafarers must still be
vigilant when navigating in regions visited by tropical cyclones.
These
storms can develop rapidly, and seafarers should bear in mind the possibility
of encountering one that has not previously been detected or reported.
Furthermore, as already noted, tropical cyclones tend to behave capriciously.
Seafarers should therefore watch for the warning signs noted in Chapter 4.
Cyclogenesis can also be rapid in middle and high latitudes, but it does not
often escape the notice of forecasters. However, as mentioned earlier in this
chapter, the positions and intensities of extratropical weather systems and
the locations of fronts and other precipitation areas are not always
ascertained or forecast correctly. Moreover, completely unexpected changes in
atmospheric state sometimes occur. Accordingly, seafarers should be no less
weather-wise in middle and high latitudes than anywhere else. They should be
familiar with the characteristics of fronts and weather systems (described in
Chapter 4), and they should possess sufficient knowledge of weather maps to
make or amend forecasts themselves.
6.3.10

Rules of_thumb_for_forecasting

When a sequence of synoptic charts is available, the extrapolation
technique can be employed. The sequence can be used to ascertain the speeds
and accelerations of key features such as fronts and pressure centres, and the
movements of these features can be extended into the future on the assumption
that present trends will continue (Figure 6. 3). Of course, this will not
always be so. Indeed, extrapolation cannot take account of new developments,
which become more frequent and more important as the forecast period is
extended. However, the extrapolation technique can be used with confidence to
make forecasts for up to 12 hours ahead. When the extrapolation technique is
employed to forecast the position of a front, the component of the geostrophic
wind speed at right angles to the front should be measured at various points
along the front and the movement of each point assumed to be in a direction
perpendicular to the front (Figure 6.4). The rules of thumb noted in Chapter
4 can then be applied. The direction of motion of a front which is almost
stationary is controlled by the pressure tendency, the front typically moving
towards the side where pressure is falling. Rules of thumb which seafarers
can use to forecast the movements and developments of the depressions and
anticyclones which occur in middle and high latitudes are listed in the WMO
publication entitled The Preparation and Use of Weather Maps by Mariners
(Marine Science Affairs Report No. 15, WMO-No. 595, published in 1983). They
are as follows:
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Figure 6.3 - The . method of extrapolation for estimating the
future position of a low-pressure centre.
Points A, B, C and D represent the positions of
a
low-pressure
centre
every
six
hours.
Extrapolation suggests that the centre will be
at position E after a further six hours

I

Actual
position

I
\Forecast

1

p·ositions

Figure 6. 4 - The method of extrapolation for estimating the
future position of a front.
For explanation,
see text (section 6.3.10)
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Movements and developments of depressions
• A depression with a warm sector tends to move downstream in a
direction parallel to the isobars in that sector with a speed
approximately four-fifths of the geostrophic wind speed derived
from those isobars (Figure 6.5).
• 'A depression with a broad warm'sector can be expected to deepen.
• A depression usually deepens whilst its warm sector is narrowing
and fills when occluding.
• 'As a depression occludes so its speed of movement decreases.
• Occluded depressions tend to move very slowly or become stationary.
• Occluded depressions tend to deviate to the left in the northern
hemisphere, to the right in the southern hemisphere.
•

The tendency for a depression to weaken and fill as it occludes is
most pronounced where the underlying land or sea surface is
relatively cool.

•

Depressions move from areas where barometric pressure is rising
towards areas where it is falling, the direction of movement
typically being towards the place where the rate of fall of
pressure is greatest (Figure 6.6). When pressure changes around a
depression are symmetrical, the system is stationary.

• 'A small depression caught up in the circulation of a larger system
moves with the flow in that circulation. For example, as noted in
Chapter 4, a secondary depression te,nds to move cyclonically around
its parent depression. When primary and secondary depressions are
comparable in size and depth, the two systems tend to rotate,
dumb-bell fashion, about a point on the line joining their centres
(Figure 6. 7). The speed of movement of a secondary depression
depends upon the strength of the flow in the circulation of the
primary depression.
• 'Also as noted in Chapter 4, depressions tend to occur in families,
each depression following a course which is closer to the Equator
than that of its predecessor (Figure 6.8).
•

Depressions tend to move around an anticyclone which is extensive
and well-established, in the direction of the air flow around its
periphery (Figure 6.8).

• 'A secondary low which forms at the "triple point", the junction of
warm, cold and occluded fronts, moves downstream in approximately
the same direction as the isobars in the warm sector (Figure 6.9).
•

The more a secondary depression deepens, the more it approaches the
centre of its parent depression. Eventually it absorbs the primary
depression and then becomes the primary itself.

•

'A depression without fronts tends to move in the same direction as
the strongest winds circulating around it.
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Figure 6. 5 - The movement of a depression with a warm
sector.
G marks the point at which the
geostrophic wind is measured
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Figure 6.6 - The movement of a low-pressure centre towards an
isallobaric low.
The full lines are isobars
( labelled in hPa).
The dashed lines are
isallobars (labelled in hPa per three hours)
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Figure 6. 7 - The movements of neighbouring depress_ions

Figure 6 .·B - A family of depressions over the Atlantic Ocean
at 1200 UTC on 15 October 1967 (see also Figure
4.48)
Movements and developments of anticyclones
•

An anticyclone or ridge of high pressure which separates successive
depressions of a family moves in the same direction and with the
same speed as the depressions themselves (Figure 6.10).
Such
anticyclones tend to be small. Anticyclones which are extensive
and well-established move little from day to day.
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Figure 6.9 - A secondary low at the triple point of a partly
occluded depression

Figure 6.10 - Weather chart for 1200 UTC on 22 October 1986

275

276

CHAPTER 6

• Anticyclones move from areas where barometric pressure is falling
towards areas where it is rising.
• An anticyclone which forms in an outbreak of polar air behind the
cold front of a frontal depression moves with the mass of cold air,
usually towards low latitudes.
6.3.11 Use of_500-hPa_charts
When charts displaying contours of the 500-hPa pressure surface are
available, further rules of thumb can be used to forecast the movements and
developments of depressions and anticyclones. The rules are as follows:
•

Frontal depressions and the ridges of high pressure which separate
them travel in approximately the same direction as the wind at
500 hPa, with a speed approximately half that of the wind at
500 hPa. This rule applies only to shallow depressions, i.e. those
which are not evident as closed circulations at 500 hPa.

• Upper-air troughs of small amplitude tend to move rather rapidly,
and the depressions associated with them tend to be vigorous. In
contrast, Rossby waves of large amplitude and the weather systems
associated
with
them
(occluded
depressions
and
blocking
anticyclones) tend to move slowly.
•

As a depression occludes, its speed of movement decreases (as noted
earlier) and its closed circulation extends upwards.

6.4

Use of weather bulletins

6.4.1

Contents of bulletins
-----------

Seafarers may receive analyses of sea-level isobars and charts of
upper-air contours in the form of facsimiles. Alternatively, they may plot
their own weather maps, making use of information broadcast in weather
bulletins for shipping. Such bulletins are issued by the Meteorological
Services of most nations. Details of what is broadcast from a particular
radio station, and for which area, can be found in the WMO publication
entitled Weather Reporting - Information for Shipping (WMO-No. 9, Volume D,
updated by means of supplements issued every two months).
In form and
content, the bulletins vary somewhat from one region to another, but they are
all broadly similar to the Atlantic Weather Bulletin. This is issued by the
Meteorological Office of the United Kingdom and contains information about the
weather existing over eastern parts of the North Atlantic Ocean. The bulletin
is issued in four parts:
•

Parts 1, 2 and 3 are in plain language and contain, respectively,
storm warnings, a synopsis of the present weather situation, and a
forecast for the period of 24 hours following the time of issue.

•

Part 4 is in the code form FM 46-IV IAC FLEET and contains details
of pressure systems, fronts and isobars.

In addition, some weather bulletins include Parts 5 and 6, which are also in
code and contain, respectively, a selection of weather reports from sea

277

FORECASTING

stations and a selection of weather reports from land stations. Because they
are no longer considered relevant, however, these parts have been omitted from
Atlantic Weather Bulletins since 1 July 1987.
We now focus upon Part 4, from which seafarers can readily plot charts
showing the current and forecast positions of lows, highs, fronts and
isobars. As noted in Chapter 5, FM 46-IV IAC FLEET is the abridged form of
the International Analysis Code {IAC) and is intended specifically for
mariners. It is used by most Meteorological Services, although some prefer to
broadcast FM 45-IV IAC instead.
Both FM 45-IV and FM 46-IV begin with a
preamble which distinguishes an analysis fTom a prognosis. In the case of an
analysis, the code group 10001 is used as a preface, and in the case of a
prognosis 65556 is used. In both cases the group 19191 is used to terminate a
message.
Besides the preamble and the terminator group, the code form
PM 46-IV contains six sections detailing, respectively: the characteristics,
positions and movements of synoptic-scale weather systems in middle and high
latitudes; the locations of fronts; the patterns of isobars; the locations and
movements of areas of significant weather; the characteristics, positions and
movements of tropical weather systems; and the state of the sea surface (wave
conditions and/or sea-surface temperatures).
A section in plain language
providing other information about atmospheric and/or oceanic conditions may
also be included. In addition, the code form FM 45-IV contains sections
concerned with air masses ,, cloud systems and vertical wind shear. It also
contains a section concerned with isobars, isotherms and isopleths of various
other atmospheric variables (for example, dew-point temperature ,, mixing ratio
and relative humidity).
In full ,, the preambles of code form FM 45-IV are as follows:
10001 333X1X1 0YYGcGc
65556 333x1x1 0YYGcGc 000GpGp

for a surface analysis
for a surface prognosis

where 333x1x1 is the poinc position group, 0YYGcGc the date-time group
and 000G p G p the prognostic time group.
The prescribed values of x1x 1
are 00 {when all points lie in the northern hemisphere), 11 (when all points
lie in the southern hemisphere), 22 (when points lie between the parallels of
30 ° N and 30 ° S), 66 (when points are given in the form iiiD1s1) and 88
{when points are given in the form QL a LaL o L o ); iii is the reference
number allotted to a given international station, D1 the code number
indicating the direction of a point from the station, s1 the distance of the
point from the station in tens of kilometres, Q the code number for the octant
the
of the globe, L a L a the latitude in whole degrees and L o L o
longitude in whole degrees, omitting the hundreds digit. When the position
group is 333M, 33311 or 33322, latitude and longitude are reported to the
nearest half degree, in the form L a L a L o L o k, where k is the indicator
used for specifying half degrees of latitude and longitude. When the group
33322 is used, latitudes from the Equator to 30 ° S are indicated by subtraction
The code YY
from 100, 15 ° S being reported, for example, as L a La = 85.
signifies the day of the month (in UTC); GcGc (known as chart time)
signifies the synoptic hour of an isobaric analysis (in UTC); and G p G p
signifies the number of hours to be added to Ge Ge to obtain the time for
which the prognosis is valid. The preambles of FM 45-IV and FM 46-IV are
identical, except that the point position group of FM 46-IV is normally
33388. The codes used in the analysis and prognosis sections of FM 45-IV and
FM 46-IV are, however, different. Here we focus upon FM 46-IV, as this is the
code form normally used in weather bullet.ins broadcast to mariners.
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The section of code form FM 46-IV concerned with pressure systems
(Figure 6.11) begins with the indicator group 99900 and continues with the
group 8P t P c PP, where P t and Pc are, respectively, the code numbers
which identify the type and character of a particular pressure system and PP
is the pressure at the centre of the system in hPa (omitting the thousands and
hundreds digits). The position of the centre is then given, followed by
information about the movement of the system (in the form md s d s f s f s ,
where d s d s and f s f s signify, respectively,
direction,
in tens
of
degrees, and speed, in knots).
Information about previous and/or future
positions of the pressure system may also be given, the groups 000g p g p
9PtP c PP
and/or
000g p g p
7PtP c PP
being
used,
where · g p g p
signifies the number of hours to be added to, or subtracted from, Gc G c ,
and
the
9
and
7
indicate,
respectively,
and
G c Gc +
GcGc-g p g p
gpg p.
The sequence comprising the group 8P t P c PP followed by a point
position group and a movement group is repeated for each pressure system.
10001 33300 01906
99900 84117 47468 80720 80180 59088 61126 00717
85523 44578 85237 40328 10000
83/// 54096 56078 60085 88010 63506
99911 66457 31818 32777 35726 37636 41555 45488 47468
66250 47468 48437 47396 45255
66450 45255 43156 44117 47046 51000 55020
66650 55020 59003 63055 64105 62165
66250 55020 52042 48062
66450 42778 47655 53575
66650 53575 56556 61577 63635
66457 56101 60063 64040 68025 70105
99922 44984 58067 62087 63135 61156 58067
44992 56078 59003 64045 66127 62217 58155 56078
44000 55087 55020 60063 64040 69136 63306 57205 55087
44008 70295 66438 60437 55205 52106 51000 52042 54101
44016 30715 37636 40747 48605 57455 52206 47046 48050 34000
33055 30085
44024 30565 32578 42506 47396 52435 53406 49206 44117 42098
30225
44032 45306 42238 35306 33425 36468 45306
44000 58685 59656 61665
44008 55715 53628 56556 60535 64615
44016 50745 48718 44775
44020 30617 41555 42645 46606 48555 45488 48437 52477
55426 55365 45076 45005
19191

Figure 6 .11 - Surface analysis for the North Atlantic Ocean
in coded form.
For explanation, see text
( section 6. 4.1)
The section of code form FM 46-IV concerned with fronts (Figure 6.11)
begins with the indicator group 99911 and continues with the group
66FtFiF c ,
where
Ft,
Fi
and Fe
signify,
respectively,
the type,
· intensity and character of a particular front. Point position groups and a
movement group then follow, and information about previous and/or future
positions of the front may also be provided.
Thereafter, the sequence
comprising 66F t FiFc, point position groups and a movement group is
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repeated for each front. The indicator group 99922 introduces the section of
code form FM 46-IV concerned with isobars, and the group 44PPP specifies each
isobar, PPP being its pressure value in hPa, with the thousands figure
omitted. For each isobar, a set of point position groups is given. The
sections of code form FM 46-IV concerned with significant weather, tropical
weather systems and the state of the sea begin, respectively, with the
indicator groups 99944, 99955 and 88800 and continue with detailed information
in much the same format as in the sections concerned with pressure systems,
fronts and isobars. Plain language messages begin with the group 77744 and
end with the group 44777.
6.4.2

Plotting_of charts

By plotting the data provided in Parts 4, 5 and 6 of a weather
bulletin and taking into account the plain-language information given in Parts
1, 2 and 3 of the bulletin, seafarers (or, indeed, anyone else) can prepare
analysis and forecast charts for themselves (Figure 6.12). For details of the
techniques which are employed, reference should be made to the WMO publication
entitled The Preparation and Use of Weather Maps by Mariners (mentioned
earlier in this chapter).
For details of the codes currently in use,
reference should be made to WMO' s Manual on Codes (WMO No. 306) and other
operational manuals published by the World Meteorological Organization. Users
of weather bulletins can assume that observations made at different stations
are comparable and representative. They can also assume that meteorologists
take great care over the coding of analyses and forecasts.
Nevertheless,
errors do sometimes occur. They may arise at either the coding or the
decoding stage, and errors of a clerical nature may be made at either the
transmission or the reception stage.
6.4.3
The coded data in a weather report from a sea or land station can all
be plotted in a small space on a weather map. To avoid confusion, a station
model is used, comprising data and internationally agreed symbols arranged in
a prescribed way around a circle centred on the point corresponding to the
location of the station. Only the plotted position of the arrow shaft which
indicates wind direction varies from station to station. The arrow flies with
the wind, speed being represented by the number of feathers or pennants on the
arrow. A half feather signifies 5 knots, a full feather 10 knots and a
pennant 50 knots. The head of the arrow is represented by the station circle,
and the circle itself contains a symbol representing cloud amount. At places
where the atmosphere is calm, a circle is drawn concentrically around the
station circle.
The weather reports broadcast in Parts 5 and 6 of weather bulletins
are usually in abbreviated form and include cloud amount, wind speed, wind
direction, air temperature, visibility, barometric pressure, present weather
and past weather. In addition, reports from sea stations include information
about wind-waves and swell. As shown in Figure 6.13, the convention for
plotting data and symbols around the station circle is as follows:
•

Barometric pressure is entered on the upper right of the station
circle, in hectopascals and tenths, with the thousands digit
omitted.

•

Air temperature is entered on the upper left, in degrees and tenths.
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Decoded message
Station Model

VV

= Visibility(2·2 n.miles =

TIT
pppp
VVw"'·®
W 1 W2
PwP w Hw H w 0 5 v 5
dw1d w1 Pwa Pw1 HwaH w1

dd

=

Wind direction( North)

=

Wind force(40 knots)

N

ff

=

=

TIT

Barometric pressure(992·4 hPa)

=

Present weather(continuous moderate rain)

=

Ship's course (East)

=

Ship's speed 18 knots,code figure 4

ww

r

Ds ·
v5

064
9924
•
96·•·
061l 'v
...r' �4
1208

Air Temperature(06·4)

=

PPPP

= Past weather(showers, cloud cover ½ or more)

W1 W2

As Plotted

Cloud amount(¾)

96 in code)

Pw P w Period of sea waves (06 seconds)
11 in message)
H wHw = Height of sea waves (5½ metres
dw1 dw 1 Direction from which swell waves are coming
=

=

=

P...,. 1 Pw 1

(230 degrees,23 in code)

=

Period of swell waves(12 seconds)

HwaHw,- Height of swell waves (4 metres

= 08

in message)

Figure 6.13 - The station model for plotting observations
from sea stations and an observation in plotted
form
•

The symbol for past weather is entered on the lower right, and
information about the vessel's course and speed is placed below
it. An arrow is used to indicate the course and a code figure is
used to indicate the speed.

•

The symbol for present weather is placed immediately to the left of
the station circle and the code figure for visibility is placed
immediately to the left of it.

•

Information about waves is plotted below the station circle, a wavy
line with an arrowhead showing the direction of swell propagation.
Periods of wind-waves and swell are plotted in seconds, and code
figures are used for plotting heights.

The station model used in meteorological offices ashore includes
information not normally broadcast in Parts 5 and 6 of weather bulletins
(Figure 6.14). Dew-point temperature is entered on the lower left of the
station circle and sea-surface temperature is placed immediately below it.
Information about pressure tendency is entered on the right of the station
circle, and information about cloud heights and types is placed above and
below the circle. Indeed, the complete station model contains provision for
all of the information included in weather reports made in code forms FM 12-IX
SYNOP, FM 13-IX SHIP and FM 14-VIII DRIBU.
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TT

CH
CM PPP

VVww@ ppa
TdTd

CL

w

Nh/ hshs

TT = air temperature in whole degrees
TdTd = dew-point temperature in who�e degrees
PPP = pre$sure in hPa and tenths (omitting the
hundreds and thousand digits}
ppa = barometric tendency, pp being the amount
in hPa and tenths, and a the characteristic
of the tendency during the preceding 3 hours
N = cloud amount
VV = visibility
ww = present weather
W = past weather (during the preceding 6 hours;
Nh = amount of low cloud
h5 h5 = height of low cloud
C L = type of low cloud
C M = type of mediur.1 cloud
C H = type of high cloud

Figure 6.14 - The station model
offices ashore

used

in

meteorological

6.4.4
After the weather reports from sea and land stations have been plotted
the recommended procedure for constructing a weather map is as follows:
•

First, mark the positions of centres of high and low pressure,
checking that they are consistent with information already plotted.

•

Next, plot the points which delineate fronts and join them with
smooth curves, checking again for consistency with information
already plotted and bearing in mind that fronts are boundaries
between air flows of different temperature and humidity (Chapter
4). It is customary to use a red pencil for drawing a warm front,
a blue pencil for drawing a cold front and a purple pencil for
drawing an occlusion.
If coloured pencils are not to hand, the
appropriate ·symbols can be· used to distinguish fronts from one
another. The symbols ar-e always placed on the side of the curve
towards which the front is moving.

•

Finally, draw the isobars which are given in Part 4 of the weather
bulletin and insert additional isobars to make an interval of 4 or
5 hPa between adjacent isobars.
In bulletins from the United
States and the United Kingdom, the interval is 4 hPa. In bulletins
from most other countries it is 5 hPa. For drawing isobars, a soft
pencil should be used, so that lines can easily be rubbed out if
mistakes are made.
The following should also be borne in mind:
isobars are typically smooth curves, except at fronts, where they
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may be sharply angled (the point of discontinuity always projecting
from low pressure towards high pressure); isobars must never cross,
touch or join, except where the ends of an isobar meet to form a
closed curve; Buys Ballot's law (para. 2. 7 .1) must be observed;
isobars should be drawn so that winds blow slightly across them
towards the side of low pressure; and the isobaric spacing at any
given point should be consistent with the wind speed at that point
(the stronger the wind, the closer the isobars).
6.4.5

The maritime_forecast code

As noted in Chapter 5, the maritime forecast code (FM 61-IV MAFOR), is
used for sending weather bulletins to shipping when broadcasting in the
English language is not possible. Besides the prefix MAFOR, which identifies
the message as a forecast for shipping, FM 61-IV contains five groups, two of
them optional.
The three which are always included are YYG1G1/ 0MAam
lGDF mWm, where the code YYG1G1 signifies the time and date (UTC) of
the beginning of the period for which the whole forecast or set of forecasts
is valid, the code 'AAA identifies the maritime area for which the forecast or
set of forecasts is valid, a. specifies the portion of the area in question
and G, D, Fm and W m signify, respectively, the period of time covered by
the forecast, the direction of the surface wind, the force (Beaufort) of the
surface wind, and the predicted weather. The optional groups are 2VST x T n
3DKPwHwHw,
where
the
code
letters
and
their
subscripts
refer,
respectively, to visibility CV), state of the sea CS), maximum air temperature
CT x ), minimum air temperature CTn), direction of swell CDK>, period of
The
waves CPw >, and height of waves in units of half metres CHwHw).
group 0MAa m is sometimes replaced by the geographical name for the forecast
region.
6.5

The use of weather maps

The need for mariners to be weather-wise has already been mentioned in
this chapter, and rules of thwnb which can be used to forecast the movements
and developments of depressions and anticyclones have been noted.
With
experience, a mariner can become proficient in the art of reading the sky
knowledgeably and interpreting weather maps correctly.
To achieve this
proficiency, the mariner should regularly compare the actual weather, as
observed from his or her ship, with the expected weather, as deduced from the
patterns of isobars and fronts shown on current weather maps. Thus, he or she
can learn not only to relate the weather outside to the patterns on the maps
but also to appreciate the limitations and shortcomings of the rules of
thumb. With experience, too, mariners can become expert at drawing inferences
from weather maps. For example, the possible need to alter course or speed
can be anticipated. This is especially important when navigating in sea ice,
because a change in wind direction or strength can cause the closure of a lead
and thus create a potentially dangerous situation.
Uses of weather maps in port, in coastal waters and on the high seas
are reviewed in The Preparation and Use of Weather Maps by Mariners. Briefly,
and largely in the words of this WMO publication, the uses are as follows.
6.5.1
Weather maps are useful not only at sea but also in port. Indeed,
much can be gained from using such maps when planning a voyage. For example,
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they are useful when selecting a route which takes advantage of expected
weather developments or when choosing the most opportune time to sail should a
storm be threatening the early part of the route.
In many ports, central or local meteorological offices provide
services for mariners (Chapter 7). In such ports, the preparation of weather
maps aboard ship is not necessary.
Indeed, meteorological officers are
employed in some ports.
These officers are prepared to visit the ship to
discuss the weather which is likely to be encountered along the intended
course and, if necessary, recommend a different route.
In other ports,
printed weather analyses are available for distribution to ships, and/or
current weather maps are displayed in the port area. Elsewhere, a visit to
the meteorological office is necessary to view the latest weather charts.
When planning a voyage, much more can be gained from weather analyses
and prognoses than from plain-language broadcasts of the synoptic situation
and area forecasts. For example, there are many occasions when the weather
dictates which route should be taken by ships bound from Hamburg to ports in
North America.
Regardless of the season, certain weather conditions would
dictate a course through the English Channel, whereas with others the best
route would 1 ie to the north of Scotland.
Such decisions cannot be made
rationally from plain-language broadcasts alone. Perusal of weather analyses
or, better, discussions with port meteorological personnel can lead to sound
voyage planning.
6.5.2

Use in coastal
---- - - -waters
---

A ship making its way through coastal waters often encounters wind,
weather and sea conditions which differ from those on the adjacent open sea.
The conditions, moreover, may change sharply from one locality to another.
This is especially true of indented, rugged coastlines with hilly capes and
deep inlets.
Safe navigation off such a shore may depend greatly upon the
local experience of the shipmaster and on the careful study of pilot books.
Nevertheless, a weather map on board can still be useful. It must be borne in
mind, however, that coastal conditions are a modification of those which exist
on the open sea.
In order to understand the development of these modified
conditions and possibly anticipate them, it is necessary to know about
conditions on the open sea and their development. These can be inferred from
a weather map.
Extended belts of cold (upwelling) waters stretch along some coasts.
These favour fog formation, and the fog may be driven out to sea or against
the coast, depending on the actual isobaric pattern and associated winds.
Given fair weather, with bright sunshine over land, strong sea breezes may
form during summer months along coasts washed by cold oceanic currents. When
fog forms over the cold water, it can be driven against the coast by such sea
breezes. Where lowlands border the sea, fog of land origin may be driven out
to sea by offshore winds.
Off certain coasts, strong currents can be induced by a specific
weather situation, and drifts can be encountered unexpectedly if due regard
has not been paid to the large-scale wind patterns. Another effect of the
wind is to change the water level along certain coasts. The depth of water
may be considerably diminished by offshore winds, and access to certain ports
may become difficult in these circumstances, even for ships of no more than
medium size.
Thus, the study of a weather map can be helpful in estimating
the actual fluctuation of the sea level.
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6.5.3

Whenever a ship leaves coastal waters, the question of its course
arises. The normal seasonal tracks are well known, and specific routes may be
recommended for smaller or lightly laden ships. Nevertheless, the question
remains:
Is the usual course the best one ( taking into account impending
weather, wind and sea conditions) or is a detour perhaps preferable? Equally,
when a ship is under way on the high seas, a change of course and/or speed may
become necessary if the vessel is riding badly in the sea and swel 1 or if
adverse conditions are forecast along the ship's route. It may be that more
favourable conditions can be achieved by changing course. The master can tell
from the weather map whether or not this is so.
Seafarers considering whether or not to transmit a change of ETA
(estimated time of arrival) should also examine the weather map for warning
signs of hazardous conditions, such as extremely high waves and swell, violent
storms, hurricanes, dense fog and weather liable to result in ice accretion on
ships. Many shipmasters make use of weather routeing, advice prepared at a
meteorological office ashore and offered to seafarers crossing oceanic areas
where various routes can be chosen depending on the weather, sea ice, ocean
currents, loadline zones and state of loading. The techniques and objectives
of weather routeing, also known as ship routeing, are studied in Chapter 7.
6.6

Wave forecasting

6.6.1

Introduction
--- --

Students of physics and mathematics have long sought to understand the
generation of wind-waves on water. Indeed, Aristotle (384-322 BC) realized
that wind acting on the surface of the sea is of central importance in the
development of waves, and Pliny (AD 23-79) observed that oil poured upon waves
calms them. Thereafter, however, until the middle of the eighteenth century,
knowledge of the most obvious manifestation of air-sea interaction progressed
little.
In the latter half of the eighteenth century, there was almost
universal agreement that wind causes waves, and basic details of the processes
involved were at last being recognized. The versatile and perceptive Benjamin
Franklin recorded in 1774, for example, that "air in motion, which is wind, in
passing over the smooth surface of the water, may rub, as it were, upon that
surface, and raise it into wrinkles, which, if the wind continues, are the
elements of future waves".
He also confirmed, experimentally, that oil
diminishes the intensity of waves and suggested that "the wind blowing over
water thus covered with a film of oil cannot easily catch upon it, so as to
raise the first wrinkles, but slides over it, and leaves it as smooth as it
finds it".
Since the time of Franklin, many scientists have focused their
attentions on the mechanisms by which wind-waves are created and have
attempted to construct realistic models of wave generation and growth.
Theories of how precisely the transfer of energy and momentum from wind to
water is accomplished have tended to become increasingly complicated.
Nevertheless, the opening words of a paper published by F. Ursell in 1956
still apply: "wind blowing over a water surface generates waves in the water
by physical processes which cannot be regarded as known".
Although a total physical insight into the generation of waves has not
yet been gained, one important object has been achieved. Given a knowledge of
wind speed, duration and fetch, wave characteristics can be estimated
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sufficiently accurately to be of practical value to seafarers and others
engaged in marine activities. A mixture of theory and empiricism underlies
these relationships, for theory alone has so far proved incapable of modelling
sea conditions adequately. In practice, relationships which are useful for
forecasting have been developed from theoretical foundations by taking into
account data obtained from measurements of actual waves.
However, the
accuracy of wave forecasts obtained by such means cannot be greater than is
warranted by the quality and quantity of data available. Reliability of the
wind forecasts upon which wave forecasts depend is another factor to be taken
into consideration. An entirely physical and mathematical approach to wave
forecasting is the ultimate objective, and in this respect, even though the
processes involved in wave generation, growth and decay are not yet fully
understood, numerical modellers have made much progress in recent years (as we
see later in this chapter).
6.6.2

The work_of Sverdrup_and_Munk

The first successful attempt at forecasting waves scientifically was
made by H.U. Sverdrup and W.H. Munk and was a product of wartime necessity.
In 1942, the Allies, desperately concerned at the loss of human life during
landing operations in heavy surf, commissioned these men to devise a means of
anticipating the dimensions of waves on beaches. Despite shortcomings, their
pioneering and imaginative piece of work admirably served the purpose for
which it was primarily intended. Initially classified, for reasons of wartime
security, the work was published in 194 7 and is now considered a classic of
marine science. Sverdrup and Munk assumed that wave growth results from
energy fluxes normal and tangential to the water surface and also that decay
results from the dissipation of wave energy by molecular viscosity.
Thus,
they based their theoretical argument solely upon the energy balance over
waves. This is unrealistic, however, because molecular viscosity is too small
in magnitude to be responsible alone for energy dissipation. Eddy viscosity
is also involved. Sverdrup and Munk further assumed wind speed to be
constant, which is not the case near the surface of the sea, where the
atmosphere is turbulent and the wind fluctuates rapidly about a mean value.
These and other shortcomings of the Sverdrup and Munk approach to wave
forecasting have still not been fully overcome.
Nevertheless, wind-wave
relationships which are sufficiently accurate for most practical purposes have
been available since about 1960.
6.6.3

Wave-forecasting_curves

For estimating the significant-wave height CHs), the graphically
presented relationships produced by Bretschneider in the United States have
proved popular among engineers. So, too, have the empirical wave-forecasting
curves published in the United Kingdom by Darbyshire and Draper (Figures 6.15
and 6 .16). These curves, which have been prepared for both oceanic and
coastal waters, relate the significant-wave period CTs) and the most
probable value of the height of the highest wave in a period of ten minutes
Hence, Hs can be
CHrnax( lO min)) to wind speed, duration and fetch.
estimated from the expression
Hs = F X Hm a x(lO min)
where F is a factor depending upon T s (Table 6 .1). The most probable value
of the height of the highest wave in a period longer than ten minutes
(Hrna x ( ti rn e>> can also be estimated from Hm a x(lO rnin), using the expression
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oceanic waters
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Hmax(time)

= G

X Hmax(lO min)

G is another factor and the sea can be assumed fully developed
throughout the period (Figure 6.17). The significant-wave concept is useful
for many practical purposes but is insufficient when a knowledge of the
distribution of wave energy with respect to wave period is required. For
example, application of the wave-spectrum concept is desirable when estimating
wave forces on offshore structures and essential when analysing ship motions
at sea.
where

TABLE 6.1
The factors by which the height of the highest wave in a period of ten
minutes must be multiplied in order to obtain significant-wave height
(after Draper, 1974)

6.6.4

Nwnber of waves
in a record

Factor

Nwnber of waves
in a record

Factor

20-21
22-23
24-25
26-27
28-29
30-32
33-35
36-39
40-44
45-49
50-55
56-63

0.77
0.76
0.75
0.74
0.73
0.72

64-73
74-85
86-100
101-118
119-139
140-166
167-202
203-253
254-315
316--390
391-488
489-615

0.65
0.64
0.63
0.62
0.61
0.60
0.59
0.58
0.57
0.56
0.55
0.54

o. 71
o. 70

0.69
0.68
0.67
0.66

Numerical modelling

As noted in Chapter 3, the surface of the sea typically appears
disordered, or even chaotic. Waves increase in height and period not only
when the wind strengthens but also, for a given wind speed, when there is an
increase in either fetch or duration (or both). Moreover, waves interact with
each other, with currents and with the wind. To complicate matters still
further, an underlying swell from distant weather systems may also be
present. A wave spectrum is therefore a complex phenomenon, and endeavours to
model it realistically by an entirely theoretical approach may seem hopeless.
Despite the daunting nature of the task, however, a number of theorists have
taken up the challenge, and, with the help of today's powerful electronic
computers, some success has been achieved. Indeed, numerical models are now
used operationally for forecasting waves and swell. Their sophistication is
evident from the following description of the wave model in use in the
Meteorological Office of the United Kingdom in 1983. The words are those of
P.E. Francis, taken from "The Forecasting of State of Sea", an article which
he published in the July 1983 issue of The Marine Observer (Volume 53).
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(where

This graph is used in conjunction with Figures 6.15 and 6.16. Suppose the
wind speed over oceanic waters to be 30 knots, and further suppose the
duration to be 12 hours and the fetch 100 miles.
From Figure 6.15, the
maximum wave height in 10 minutes is 15 feet and the significant-wave period
8.9 seconds. Thus, there are 67 waves in ten minutes. If the waves are fully
developed for 10 hours in a given storm, then the number of waves in the storm
is 4 050. From Figure 6.17, the values of F appropriate to 67 and 4 050 are,
respectively, 5.90 and 8.15. Therefore, the most probable value of the
highest wave in the storm is 15 x 8.15/5.90, which is about 21 feet. From
Table 6.1, the significant-wave height is 0.65 x 15, i.e. 10 feet
Before the advent of powerful computer technology the accepted means
of state-of-sea forecasting was by way of empirical wave-growth
curves, deducing the wave height in terms of wind speed, duration and
fetch.
The numerical model in use by the Meteorological Office
incorporates in more stringent formulations the essential physical
principles which underlie such empirical techniques. The basis of the
operational state-of-sea forecast models
(of
which there are
coarse-mesh and fine-mesh versions) is a statistical representation of
the wave field, rather than an array of discrete values representing
individual waves. The wave spectrum as represented is a function of
the variance distribution of the surface elevation; hence, such
features as significant-wave height and a representative wave period
can be arrived at by means of the ratio of the appropriate statistical
moments of the spectrum at a point.
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As from autumn 1983, the point representation will be made up of 16
directions (i.e. at 22.5 ° intervals) and 14 spectral frequencies
ranging from 0.04 to 0.324 Hz (i.e. from 25 to 3.09 seconds period).
Thus, a sum of very short to very long waves can be assembled for each
direction, totalling 224 values for each grid point.
The models
function by considering the evolution of each spectral component
through the forecast period, an evolution controlled by physical
processes which have varying degrees of effect depending on the
specified frequency and direction.
The rate of change of the magnitude of each component during a model
time step can be split into the contribution of individual processes:
Propagation. Energy is moved from one part of the wave field to
another. In deep water this process occurs without change of
direction or speed. Speed of advection is inversely proportional
to the frequency of the component.
As water shallows, the direction and speed of
Refraction.
propagation change. This is an important effect in the fine-mesh
model.
Growth and decay. In response to wind forcing, wave initiation and
growth take place. Initial wave growth is linear, but this stage
is rapidly succeeded by an exponential growth stage up to a limit
dependent on local wind speed. As waves become too steep they
break, resulting in an energy loss; this process is also modelled.
Initial growth, and decay through "white capping", are essentially
higher-frequency effects.
An internal redistribution of energy
Non-linear interaction.
between neighbouring frequency components. Observations show that
wave energy tends to migrate to lower frequencies than those which
are fed in by the wind; i.e. waves become longer.
Bottom friction. Owing to the roughness of the sea bed, long-wave
components begin to lose energy. Again this is an important effect
in the fine-mesh model.
The net result of these processes in physical reality is to shape the
wave spectrum into a form that has been extensively reported in
scientific literature. The operational model is to a large degree
forced into that representative spectral shape, thus preserving the
correct orders of magnitude for the individual physical processes
being modelled.
When Francis published his paper, the British Meteorological Office
used three models for forecasting sea state, one a coarse-mesh model covering
the North Atlantic and North Pacific Oceans north of latitude 18 ° N, the others
fine-mesh models, one covering the Mediterranean Sea and the other the North
Sea and north-eastern parts of the North Atlantic Ocean (Figure 6 .18). Only
two models are now used, one a coarse-mesh model covering the globe (with grid
points spaced at intervals of 1.5 ° in latitude, 1.875 ° in longitude), the
other a fine-mesh model covering the Mediterranean, Baltic and North Seas and
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north-eastern parts of the North Atlantic Ocean (with grid points spaced at
intervals of 0.25 ° in latitude, 0.4 ° in longitude). The models are run twice
a day, the chart times being 0001 and 1200 UTC. By means of the coarse-mesh
model, wave predictions are made for periods of up to 72 hours ahead; by means
of the fine-mesh model, they are made for up to 36 hours ahead. Output from
the models is usually in the form of charts showing contours of
significant-wave height. Some show contours of Hs for wind-waves alone,
some for swell alone and others for "total sea" (defined as ✓W 2 + S 2 ,
where W is the wave height and S the swell height). Information on wave
periods is also available.
Essentially similar wave-forecasting techniques are employed by the
Meteorological Services of other maritime nations, and the charts produced are
used for a variety of purposes.
For example, they are used in weather
routeing (as already noted), and they are used by the offshore oil and gas
industries, particularly in connection with diving, drilling, towing,
pipe-laying, anchor-handling, cargo-loading, the launching and setting of
platforms and the mating of modules. In addition, they are used by the
fishing industry and, in the United Kingdom, by water authorities responsible
for coastal defences. Charts are generally distributed by means of radio
facsimile.
6.7

Sea ice and icebergs

Although still far from perfect, numerical forecast techniques are
also used operationally for predicting the magnitudes of positive and negative
surges and for estimating amounts of ice accretion on ships, offshore
platforms and coastal structures.
The empirical techniques used for
forecasting surges and ice accretion are mentioned in Chapter 3. Now, to
complete Chapter 6, we focus upon sea ice and icebergs, with particular
reference to the methods used for monitoring and forecasting ice conditions.
Notes on the nature and characteristics of sea ice and icebergs are contained
in Chapter 3, and definitions of ice terms are given in Chapter 5.
6.7.1

Surface observations
----------

As noted in Chapter 5, observations of ice should be made from a point
as far above the surface of the sea as possible. From the bridge of a ship
10 m above the sea, the horizon is about 12 km away and features of sea ice
can be distinguished up to 7 or 8 km away (given sufficiently clear
visibility). From a point 100 m above the sea (the top of a lighthouse, for
example), the visual range is almost 40 km and features of ice can be
distinguished 20 km away. As noted in the WMO manual entitled Sea-ice
Information Services in the World (WMO-No. 574, published in 1981), shore
locations may provide ice reports several times a day as the ice moves in
response to winds and currents, but the total area observed is rather small.
From a ship passing through sea ice, a report of the ice encountered during
daytime progress may cover an area 15 km wide by 100 km long, assuming the
Where coastal settlements,
vessel's speed to be approximately 5 knots.
lighthouses and ships are comparatively numerous (the Baltic Sea, for
example), a considerable proportion of an ice cover can be observed each day
from a network of surface stations. Where, in contrast, waterways are wide
and coastal settlements few, as in the Gulf of St Lawrence, the proportion of
an ice cover which can be observed regularly from surface stations is rather
small.

FORECASTING

1/

!•

,1

293

1!

I
l.

l!

•t

!

(a)

(b

(c)

Figure 6 .18 - Grid points of (a)
fine-mesh models

the coarse-mesh model and

(b and c)

the

294

6.7.2

CHAPTER 6

Aerial_surveillance

Aerial surveillance of ice (from helicopters and fixed-wing aircraft)
is superior to surface-based reporting in that observations can be made over
quite large areas.
Also, if long-range aircraft are used, problems of
remoteness from settlements can be overcome.
Accurate navigational systems
are required, however, when aircraft are out of sight of land. Furthermore,
aerial surveillance cannot easily be carried out when there is fog or low
cloud. Today, though, reliance need not be placed upon visual techniques, for
laser profilometers can be used to measure the heights of ice surfaces
accurately and infra-red scanning devices can be used to obtain information
about floe thicknesses.
Moreover, sideways-looking airborne radar can be
used, in all weathers, to record precisely the disposition and nature of ice
up to 100 km either side of the aircraft's flight path.
In many countries,
personnel are specially trained to observe from aircraft the various stages of
development of sea ice and to estimate ice concentrations, ice deformation,
snow cover and the extent of ice decay.
6.7.3

Use of satellites
------- -

Polar-orbiting satellites are also used for observing sea ice and they
normally provide coverage twice a day, with a resolution of about one
kilometre.
However, interpretation of satellite images requires a certain
amount of skill because ice and water sometimes cannot be distinguished
easily, especially where there are puddles on floes.
In cloudy conditions,
ice and water cannot be observed at all, by either visual or infra-red
sensors. Where skies are free of cloud, the locations and movements of pack
ice, leads and polynyas can be ascertained accurately by means of
satellite-borne sensors, but neither the stage of development nor the surface
detail of ice can be discerned.
6.7.4
Wind stress causes sea ice to move approximately downwind, the rate of
ice drift typically being 2 or 3% of the wind speed. Currents in the upper
ocean, including tidal streams, also cause movements of ice.
The combined
effects of these forces on pack ice tend to be difficult to predict, because
detailed knowledge of winds, tides and currents is often lacking. Empirical,
statistical, analogue and dynamical techniques are used by forecasters, but
the reliability of the forecasts they produce leaves much to be desired. As
wind is such an important factor in respect of the opening and closing of
leads and the formation of ridges, a short-term ice forecast (for up to 72
hours ahead) should always be used in conjunction with the current weather
forecast.
The amount of detail provided in ice forecasts made available to
mariners varies from country to country.
For example, some ice centres
predict the positions of ice edges one to ten days ahead and also the dates of
ice formation, freeze-over, break-up and ice disappearance in bays, harbours
and other coastal sites up to 30 days in advance.
Others couch their
forecasts in rather general terms, simply stating that ice is likely to grow
or melt slowly or rapidly, compact or spread, drift into the area or out of
it, etc. , during the next 24 hours.
Forecasts specifically for particular
groups of users may also be issued.
For example, Environment Canada's Ice
Centre issues forecasts for fishermen working off the coasts of Nova Scotia
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and Newfoundland, including information about ice edges, drift trends,
concentrations, thicknesses, and access to ports. Special forecasts are also
issued for the offshore industry. Those for the waters off the Labrador
coast, for example, include information about the concentrations, distribution
and likely movements of icebergs. Broadcasts of ice forecasts and information
about existing ice conditions are made, in code form or plain language, from
marine, commercial and other radio stations. Charts are distributed by post
or by means of radio-facsimile, and air drops may also be made. International
sea-ice symbols C see WMO Sea-ice Nomenclature) are generally used on these
charts.

C H A P T E R
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MARINE METEOROLOGICAL SERVICES
As is clear from previous chapters of this Compendium, various meteorological
services are provided for seafarers and others engaged in marine activities.
As is also clear from these chapters, international co-operation exists in
meteorology and oceanography.
The observations which are so valuable to
weather forecasters, for example, are collected from far and wide. Moreover,
standardized codes facilitate international exchanges of atmospheric and
oceanic information, and the sophisticated telecommunications networks which
have been developed to effect the exchanges span the oceans and continents of
the globe.
Responsibility for fostering international co-operation in
meteorology, as well as for establishing international standards and
procedures, rests with the World Meteorological Organization (WMO), a
specialized agency of the United Nations.
According to the WMO Manual on Marine Meteorological Services
(WMO-No. 558, published in 1981 and updated from time to time by means of
supplements), "the purpose of marine meteorological services shall be to make
available to marine users at sea or on the coast the marine meteorological and
related geophysical information which they require, to the extent technically
possible". The services are provided to satisfy the requirements of seafarers
and marine operators for information about environmental conditions and
phenomena ( requirements established by national practices and international
conventions). Thus, they are designed to help maximize the safety of marine
operations and to promote the efficiency and economy of marine activities.
They include guidance on the use and interpretation of meteorological and
related oceanographical information; they also include assistance to and
guidance for marine observers, for it is important that observations of the
highest possible quality are obtained, so that the high standard of marine
meteorological services already offered can be maintained. The organization
of the services is such that the warnings, forecasts, charts, expert advice
and climatological data which are required for the safety and maximum
efficiency of operations are provided for all who are engaged in marine
activities. Four components of the services can be distinguished:
services
for the high seas, services for coastal and offshore areas, services for ports
and harbours, and training in marine meteorology.
We now consider these
components in turn.
7.1

The high seas

7 .1.1

Weather
and sea bulletins
--------

For the regular issue of weather and sea bulletins, the oceans are
divided into areas for which WMO Member States assume responsibi 1 ity. These
areas together provide complete coverage of the world's oceans, with some
overlapping of areas. Provision of weather and sea bulletins constitutes the
basic meteorological service for the high seas. As noted in the WMO Guide to
Marine Meteorological Services (WMO-No. 471, published in 1982), the bulletins
are classified into four groups: bulletins for the high seas in a given area
issued by the Meteorological Service which is officially responsible for the
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transmission of meteorological and related geophysical information for that
area; bulletins for the high seas in a given area issued by Meteorological
Services which are not officially responsible for transmission of
meteorological and related geophysical information for that area; bulletins
issued by a Meteorological Service for coastal areas; and bulletins issued
primarily to meet naval requirements. As mentioned in Chapter 6, bulletins
for the high seas include storm warnings, synopses of the present weather
situation, forecasts for the period of 24 hours following the time of issue,
analyses and/or prognoses in IAC FLEET code form, and weather reports from
selected sea and land stations. The most important part of a bulletin is that
concerned with storm warnings. We focus upon these and other warnings later
in this chapter.
7 .1.2

Search_and_rescue operations

Meteorological services for maritime search and rescue operations are
provided in accordance with national co-ordination procedures for such
operations. Furthermore, they take into account international recommendations
and the requirements contained in, for example, the Regional Air Navigation
Plans of the International Civil Aviation Organization and the Search and
Rescue Manual of the International Maritime Organization {formerly the
Intergovernmental Maritime Consultative Organization, IMCO).
Requests for
assistance, typically from Rescue Co-ordination Centres, are dealt with as
expeditiously as possible and are accorded the highest priority during a
search and rescue operation. When a ship, aircraft or survival craft is in
distress, every effort is made to meet the requirements of the Rescue
Co-ordination Centre dealing with the emergency. The following information is
normally requested or deemed useful: barometric pressure, precipitation and
cloud cover {including cloud-base height), surface wind speed and direction,
air temperature, humidity, surface visibility, wind-waves and swell, ice
accretion, sea-surface temperature, sea ice and/or icebergs, surface currents,
tidal flows, bar conditions, surf and breakers, storm surges, and water
discolouration. Special weather forecasts for periods of up to 24 hours {and
sometimes longer) may be required for search and rescue operations over
coastal and offshore waters. Ships of all sizes, as well as helicopters and
fixed-wing aircraft, may be involved in these operations.
Medium-range
weather forecasts may be required when search and rescue operations take place
over large ocean areas where ocean-going ships and fixed-wing aircraft are
likely to be involved for considerable periods of time.
7.1.3 --Radio-facsimile
information
- - ------ - Information can be transmitted by means of radio-facsimile, both in
pictorial form and in the form of text.
Accordingly, weather charts,
upper-air analyses and prognoses, wave analyses and prognoses, ice charts,
analyses of sea-surface temperatures, plain-language warnings and other
meteorological information can be broadcast effectively to seafarers. It
should be noted, however, that radio-facsimile charts cannot be considered
substitutes for weather and sea bulletins. Such charts provide additional
information and serve as replacements only for the coded analyses and/or
prognoses broadcast in Part 4 of the bulletins. Even then, they can serve in
this way only when there is a facsimile recorder on board ship.
Radio-facsimile charts can prove extremely useful, because little time is
available to seafarers nowadays to plot and draw up weather charts from coded
messages.
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7 .1. 4

Small vessels
- - -

Small vessels are extremely vulnerable to hazardous weather and sea
conditions, especially when there is insufficient time to reach shelter.
Therefore, in order to avoid the worst weather, crews of small vessels should
endeavour to maintain regular contact with a meteorological centre.
When
planning a voyage in a small vessel, seafarers are advised to ask such a
centre to provide information about the atmospheric and oceanic conditions
which prevail on the route to be taken. They should ask for this information
well in advance of the voyage, and they should also, just before departure,
seek advice on the current and forecast weather situations.
If inclement
weather is expected, departure should be postponed.
When on the voyage,
radio-telephone contact with the meteorological centre should be maintained.
Indeed, the crew of the vessel should be prepared not only to receive
information from the centre but also to reciprocate by transmitting regular
reports of weather and sea conditions. When a small vessel is highly insured,
it is usually a requirement of the insurance company that proper provision is
made for regular contact with a meteorological centre during a voyage.
7 .1.5

The weather and sea bulletins which are issued routinely for shipping
can be used to provide meteorological support for fishing operations.
However, the most productive fishing grounds tend to be in regions where
storms, dense fog, ice accretion and sea ice frequently create dangers for
seafarers. As these fishing grounds tend to be found well away from shipping
lanes, and as fishermen do not normally broadcast weather reports (because
they wish to avoid revealing their whereabouts to competitors) there tends to
be a paucity of meteorological information from areas frequented by fishing
vessels.
Consequently,
weather forecasting specifically for fishing
operations is often difficult. Charts can be transmitted to fishermen by
means of radio-facsimile, but comparatively few fishing vessels are equipped
to receive them. Therefore, this mode of communication is not particularly
useful. As pointed out in the WMO Guide to Marine Meteorological Services,
the most effective way to provide meteorological advice for fishermen is to
maintain a weather office aboard a fishing vessel or support ship in the area
where fishing is taking place. The advantages of this kind of meteorological
service include the following:
the meteorologist actually experiences the
weather and is able to watch weather developments continuously; there is
permanent contact with fishing vessels in the area, which leads to greater
mutual understanding and confidence between the fishermen and the
meteorologist; and the forecast area is rather limited, so that the
meteorological advice can be very specific and effective. Other aspects of
meteorological services for the fishing industry are considered later in this
chapter.
7. I. 6

The Marine Climatological Summaries Scheme involves all of the nations
which possess Selected, Supplementary and/or Auxiliary Ships and is intended
to formalize arrangements for the international exchange and processing of
climatic data. Within the scheme, which is described in Chapter 5, the oceans
are divided into areas of responsibility, and eight nations, the "Responsible
Members'', without cost to the World Meteorological Organization, collect,
sort, check and store marine data obtained in regions allocated to them. In
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addition, they prepare climatological summaries for fixed sea stations and
selected
representative
areas
within
their
respective
regions
of
responsibility. These summaries are available to all WMO Member States, but
are not necessarily free of charge.
The capabilities of modern computer systems for processing and
exchanging data are such that the systems possess the capacity not only to
fulfil the requirements of the Marine Climatological Summaries Scheme but also
to collate, check and present additional data. Accordingly, in co-operation
with the World Data Centres for Oceanography and other authorities, the WMO
Commission for Marine Meteorology has instituted formal procedures for the
processing of data relating to freak waves and sea-surface currents. A freak
wave is defined as "a wave of very considerable height, ahead of which there
is a deep trough". It is therefore dangerous to shipping, its outstanding
As noted in Chapter 3, such waves
feature being its unusual steepness.
usually occur where a strong current travels in the opposite direction to
waves which are already large. The data relating to sea-surface currents are
those derived specifically from observations of ships' set and drift.
7 .1. 7

As noted in the first paragraph of Chapter 5, scientists are called
upon to help settle compensation claims and advise in cases of litigation
resulting from a host of problems, ranging from contractual delay or loss of
production to structural damage and loss of life.
Thus, they require
meteorological and oceanographic information.
Engineers, too, and others
require information, for design studies, investigations of cargo damage, and
so on.
The supply of information in a case with legal or commercial
implications is usually at the discretion of the appropriate national
authority and is therefore governed by national legislation or established
practices. In general, however, national authorities are prepared to supply
information and/or expert advice when required, although, again, not
necessarily free of charge.
7.1.8

Other services_for_the_high seas

Storm warnings, weather routeing, condensation problems in cargo holds
and containers, the International Ice Patrol and services for the fishing
industry are considered later in this chapter.
7.2

Coastal and offshore areas

7.2.1

Introduction
-----

Marine meteorological services for coastal and offshore areas include
both general and specialized services and are designed with the following in
mind: shipping movements in harbour approaches and traffic convergence zones,
search and rescue operations, fishing activities, movements of drilling
platforms and other large structures, recreational activities (especially
those involving yachts, dinghies and other types of pleasure-boat), coastal
protection projects ( including coastal engineering works), and environmental
problems of particular concern to coastal comrnunities ( such as movements of
oil slicks and the undermining or destruction of coastal defences by large
waves and storm surges).
Specialized services are typically provided in
response to requests from users, and details of them are usually formalized
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under the terms of special agreements. General services can be categorized as
follows:
issue of weather and sea bulletins, issue of sea-ice bulletins
(where appropriate), climatological services, provision of information about
weather and sea conditions on specific occasions, and provision of expert
advice.
7.2.2
Weather and sea bulletins are normally made available to users by
means of radio.
For example, weather bulletins for shipping around the
British Isles are broadcast four times each day, on 198 kHz, a British
Broadcasting Corporation frequency used for transmitting radio programmes to
the general public. The bulletins, which are prepared in the Meteorological
Office of the United Kingdom, always begin with information about gale
warnings in force at the time the bulletin is issued, and they continue with
the following:
a general synopsis of the weather situation at 0001, 0600,
1200 or 1800 UTC (as appropriate); forecasts for sea areas around the British
Isles for a period of 24 hours following the time the bulletin is issued; and
brief weather reports from selected lightships and coastal stations (Figures
7.1 and 7.2). In addition, updated gale warnings are broadcast on 198 kHz at
the first available programme junction after they are received.
If this
junction does not coincide with a scheduled news bulletin, the warning is
repeated immediately after such a bulletin. The British Meteorological Office
also supplies the gale warnings which are broadcast by W/T and R/T from
coastal radio stations, as well as the weather forecasts for inshore waters
(up to 20 km offshore) which are broadcast at various times of day by a number
of local and national radio stations. Furthermore, weather forecasts for
inshore waters around the British Isles can be obtained by telephone 24 hours
a day, the forecasts being updated twice a day. In other parts of the world,
weather and sea bulletins for coastal and offshore areas are made available to
seafarers and the general public by similar means, and the specifications of
these bulletins are essentially the same. Obviously, however, the content of
any given bulletin reflects the geographical region in question. For example,
to mention two extreme cases, tropical cyclones occur in some regions, sea ice
and ice accretion in others.
Indeed, special warnings are issued when
tropical cyclones approach coastal and offshore areas (as noted later in this
chapter), and information about sea ice in coastal and offshore waters is
provided in special ice bulletins.
For transmission schedules and other
details of weather and sea bulletins in coastal and offshore areas, reference
should be made to the WMO publication entitled Weather Reporting - Information
for Shipping (WMO-No. 9, Volume D).
7.2.3

Information
waves
---- - about
- - ---

Many national meteorological services provide information about wave
conditions in coastal and offshore areas. When preparing it, analysts and
forecasters have to differentiate between deep-water, transitional and
shallow-water waves, because, as noted in Chapter 3 and in the WMO Handbook on
Wave Analysis and Forecasting (WMO-No. 446, published in 1976) [replaced by
the Guide to Wave Analysis and Forecasting (WMO-No. 702, issued in 1989)]
water depths in coastal and offshore areas are such that the orbital motions
of many waves reach the sea bed.
Only in respect of water more than 200
metres deep can the assumption be made that all waves are of the deep-water
type. Where, in contrast, the water depth is less than 4% of the wavelength
corresponding to the spectral peak, as is the case in many parts of coastal
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Figure 7.1 - Chart showing the areas for which weather
bulletins
are
issued
by
the
British
Meteorological Office.
The areas north of
Iceland and west of 15 ° W are not included in
bulletins issued to the general public
and offshore areas, almost all waves are of the shallow-water type. In water
which is, say, 15 metres deep, the comparatively short waves which are
generated by light or moderate winds are of the deep-water type, whereas
longer waves are of the transitional or shallow-water type. When waves reach
shallow water, furthermore, they are refracted and/or diffracted and many of
them break. The behaviour of waves in coastal and offshore areas is clearly
not simple, and the analysts and forecasters employed in wave information
services for these areas must therefore understand the behaviour sufficiently
if their products are to be reliable.
Besides personnel with skill and
experience, wave information services require the following if they are to
operate effectively:
data from wave recorders installed at suitable points
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Figure 7. 2 - Construction of a weather map using information for shipping
broadcast by the British Broadcasting Corporation on 198 kHz.
The diagrams show (left) data for 1600 BST (1500 UTC) on 4 April
1980 and (right) an analysis of the data. A shorthand notation
has been used to plot the data:
m signifies moderate, g
signifies good, fs signifies falling slowly, etc.
The bulletin broadcast by the BBC at 1750 BST on 4 April 1980 read as follows:
�And now the shipping forecast issued by the Meteorological Office
at 1705 on 4 April 1980:
There are warnings of gales in Finisterre, Shannon, Rockall,
Hebrides, Bailey, Fair Isle, Faeroes and South-east Iceland.
The general synopsis at 1300:
High, Wales, 1035, slow-moving,
with little change. High, Azores, 1023, expected 200 miles west
of Shannon, 1029, by 1300 tomorrow. Low, 150 miles south-west of
Iceland, 990, slow-moving and filling by the same time.
Area forecasts for the next 24 hours:
Viking, Forties, Cromarty: Mainly south-west, (force) 3 or 4,
increasing 5 for a time in Viking. Fair. Moderate with some fog
patches.
Forth, Tyne:

Variable, 3. Fair. Moderate or good.

Dogger, Fisher, German Bight:
Good.
Humber, Thames, Dover:
Fair. Good.

Northerly, 3 or 4, locally 5 at first.

Wight, Portland, Plymouth:
Biscay:

North-easterly, 3 or 4. Fair. Good.

North-east, 4 or 5, occasionally 6 in south. Fair. Good.

Finisterre:
Good.
Sole:

Mainly north-west, 3 or 4. Fair.

East to south-east, 5 or 6, locally gale 8. Fair.

South-east, 4, occasionally 5 or 6 in west. Fair. Good.

Lundy:

Variable, 3. Fair. Good.

Fastnet:
Irish Sea:

Southerly, 3 or 4. Fair. Good.
Variable, 3. Fair. Good.

Shannon:
Southerly, 6, occasionally gale 8, becoming variable,
4. Fair. Moderate or good.
Rockall: South-west,
Mainly moderate.

6, occasionally gale 8.

Occasional rain.
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Malin: South-west, 4 or 5, increasing 6 for a time. Fair. Mainly
moderate.
Hebrides, Bailey, Fair Isle, Faeroes, South-east Iceland: South
to south-west, 5 or 6, occasionally gale 8. Occasional rain or
drizzle. Moderate with fog patches, becoming good later in Bailey
and South-east Iceland. No icing.
Reports for coastal stations at 1600 BST on 4 April 1980:
Tiree:

South, 3, 13 miles, 1031, falling slowly.

Sule Skerry:
Bell Rock:
Dowsing:

South, 3, 13 miles, 1032, falling more slowly.
North-east, 2, 12 miles, 1033, rising slowly.

Noordhinder:
Varne:

West-south-west, 4, 13 miles, 1029, rising slowly.

North-north-east, 5, 11 miles, 1031, falling slowly.

North-east, 5, 11 miles, 1031, falling slowly.

Royal Sovereign:
slowly.

East-north-east,

4,

11 miles,

1032,

falling

Channel Light Vessel: Not available.
(Position of vessel in the English Channel marked with a cross)
Scilly:

East-south-east ,. 2, 16 miles, 1033, falling slowly.

Valentia:

South by east, 4, 27 miles, 1031, falling slowly.

Ronaldsway:
slowly.
Malin Head:
slowly.

South-west by south,
South-west by south,

3,
4,

16 miles,

10.34,

27 miles,

1031, falling

falling

Jersey: . North-north-east, 4,. 13 miles, 1032, fal 1 ing slowly:,

near the coast; regular observations of winds, waves and swel 1 from coasters,
deep-sea vessels and other sea stations over a wide area (so that synoptic
analyses of wind fields and wave patterns in the coastal or offshore area in
question can be prepared); analyses and prognoses of wave patterns on the
nearby open ocean; and recognized procedures for making information available
to users Coy means of charts displayed in ports, for example) . Despite all
this, however, simple observations from local fishermen and others who are not
trained to observe weather and wave conditions may be found valuable. Such is
the case in Hong Kong, for example, where seafarers serving aboard vessels
without. telecommunications facilities complete simple .forms which are
collected. when the vessels return to port.
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Coastal marine_climatology

To comply with the WMO Technical Regulations, each Member State
must establish and maintain within its territory a network of climatological
stations, and the stations should be so located that the observations and
measurements which are made on or near coasts can be considered representative
of the territory's coastal and offshore climates. In particular, the greatest
care must be taken to ensure that measurements of wind speed and direction are
representative of nearby sea areas. Anemometers should be sited on open
ground which is not only level but also well exposed, especially to seaward.
Cliff-top sites and sites near buil-dings or hills should not be chosen.
Indeed, even when the greatest care has been taken to find a suitable location
for an anemometer (or any other instrument, for that matter), the need to make
special measurements at a particular place may still remain.
For many
engineering purposes, for example, wind and wave data derived from one coastal
location cannot be used in another. This is particularly the case where a
coastline is deeply indented or fringed by small islands (or both).
Organizations other than national Meteorological Services may hold climatic
data relating to coastal and offshore areas. They include private firms,
universities,
coastal planning authorities,
hydrographic offices - and
oceanographic institutes. It should be borne in mind, however, that the data
held by these organizations may not satisfy a basic requirement of a
climatological station:
that it should provide an uninterrupted series of
observations extending over a period of many years, normally at least ten and
preferably thirty or more.
The observations and measurements made by
organizations other than national Meteorological Services are often made for
specific purposes and, moreover, for short periods. Other requirements for
climatological stations include easy access to the site and proper
arrangements for the maintenance of instruments and the transmission of data
from the station. Most stations are automated or semi-automated nowadays, so
technicians are required for maintenance purposes. As pointed out in the WMO
Guide to Marine Meteorological Services, "An additional problem in tropical
regions is that instruments or parts thereof may have to be replaced rather
often because of unfavourable environrnental conditions C e.g. high humidity,
corrosion by salt, and insects). This fact should be taken into account in
the financial planning of the station in view of the strict requirement for
long and uninterrupted series of observations."
When observations and
measurements are received at a national data centre, preferably in a form
suitable for computer processing, they are scrutinized (if in manuscript form)
and they are subjected to quality control.
7.3

Ports and harbours

7.3.1

No port or harbour is exactly like another.
There are
differences in size, layout and administrative arrangements, and there are,
moreover, climatic differences, both atmospheric and oceanic. As a result,
there are differences, too, in requirements for local meteorological and
oceanographic services. Because many requirements are common to all ports and
harbours, however, the general services which are provided should meet the
needs of the following activities: movements of ships into, out of and within
ports and harbours; cargo handling, cargo safety and warehousing; loading of
barges; dredging and cleaning operations; shipbuilding and other construction
work; engineering projects in and close to ports and harbours; industrial
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operations, commercial activities, 1 i tigation and insurance; icebreaking in
and close to ports and harbours; waterborne recreational activities; and
operations to combat marine pollution. In many ports and harbours, as noted
in Chapter 6, central or local meteorological offices provide services for
mariners.
In large ports, meteorological advice is available through port
meteorological
officers,
who
are
representatives
of
the
national
Meteorological Service.
7.3.2
The duties of port� metorological officers are many and various.
Perhaps their most important duty is to recruit vessels to the WMO fleet of
Voluntary Observing Ships and to assist the officers of these vessels in their
meteorological work.
In particular, port meteorological officers supply
instructional material, inspect instrwnents, collect meteorological log-books
and point out errors and misconceptions. In addition, they discuss problems
of a meteorological nature with the officers of ships, bring to the attention
of these officers any changes in procedures that have taken place, explain
special
meteorological and/or
oceanographic
programmes
which
require
observations from ships, submit a report to the Meteorological Service in
their country when the observational work carried out aboard a vessel is on
the one hand praiseworthy or on the other unsatisfactory, and assist the
BATHY/TESAC programme of IGOSS, the Joint IOC/WMO Integrated Global Ocean
Services System (mentioned in Chapter 5).
7.3.3

Weather
and
sea bulletins
---- ----- -

In format, weather and sea bulletins for ports and harbours are
similar to weather and sea bulletins for the high seas. Thus, they typically
contain the following: the date and local time of reference; the name of the
port or harbour; warnings, if any; synopses and forecasts of weather and sea
conditions; selected observational data; and, sometimes, the local times of
high and low water. When intended for international use, bulletins should be
provided in the language of the country issuing the bulletin and also in
English.
Moreover, they should be as free as possible from technical
phraseology. Bulletins are issued at least once a day, at a prescribed time
which takes into account the schedule of operations in the port or harbour.
They are distributed by various means, including telephone, telex, facsimile
and MF or VHF radio broadcasts. Warnings of strong winds, rough seas, poor
visibility, heavy precipitation, ice accretion, storm surges, harbour seiches
and tsunamis are issued whenever the need arises, using the fastest means of
communication available.
In ports and marinas of any size, meteorological
information is regularly displayed in a prominent place, where it can be
inspected by port personnel, fishermen, officers of ships and interested
members of the general public ( for example, yachtsmen and dinghy-sailors} .
The display usually includes the addresses of the port meteorological officer
and local meteorological offices and may also include climatological
information about the port or harbour and adjacent coastal areas.
In
addition, it may include information about telephone weather services and
provide the transmission times and frequencies of radio stations which
broadcast weather and sea bulletins.
7.3.4

Specjalized services

The need for specialized services arises partly from differences
in the requirements of the various port-related activities and partly from
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local peculiarities in the environmental conditions affecting ports.
As in
the case of specialized services for coastal and offshore areas, the services
are typically provided in response to requests from users. The services which
are actually provided depend, of course, upon the requirements of the users,
but generally include one or more of the following:
acquisition and/or
provision of observational data and climatological information, provision of
meteorological advice, oral briefings, assistance in oil clean-up operations,
and sea-ice services.
7.4

Training in marine meteorology

Marine meteorology is concerned with the behaviour of the
atmosphere over oceanic regions and with interactions between the atmosphere
and the oceans. It is also concerned with the behaviour of the upper ocean.
It is, therefore, to quote the WMO Guide to Marine Meteorological Services, so
distinct from the study of the behaviour of the atmosphere over land that it
must be considered a separate subject with its own requirements for training
facilities and programmes, both for meteorological personnel engaged in the
provision of marine meteorological information, including port meteorological
officers, and the seafarers who interpret this information and/or take and
transmit marine observations. The types of personnel who require training in
marine meteorology are specified in the WMO Manual on Marine Meteorological
marine observers on board ships, seafarers
Services and are as follows:
whilst at sea and in navigation schools, port meteorological officers, and
meteorological personnel who are engaged in observational, forecasting and
climatological duties for marine purposes. In each case, the personnel must
be trained in both general and marine meteorology, to the standard appropriate
to the tasks which they are required to perform.
For details of the
educational requirements of meteorological personnel and the syllabuses to be
followed, reference should be made to the WMO publication entitled Guidelines
for Education and Training of Personnel in Meteorology and Operational
Hydrology (WMO-No. 258, Third Edition, published in 1984).
7.5

The fishing industry

Now, from the four principal components of marine meteorological
services, we turn to a number of specialized services of particular
importance. We focus first upon the management of fisheries, with particular
reference to the environmental factors which affect the behaviour,
populations, distributions and yields of the various species of fish.
7.5.1

Environmental factors
-----------

At all times in the lifetime of a marine organism, environmental
factors are critical. In the case of fish, the environment affects general
behaviour, availability of food, spawning, the survival and growth of eggs and
larvae, year-class strength, aggregation, general distribution, migratory
movements and choice of winter �ocation. It follows that the environment is
important, too, in determining fishing periods, yields and catches. The most
important environmental factor is sea temperature. Therefore, meteorological
and oceanographic services for the fishing industry need to include the
provision of information about temporal variations, horizontal distributions
and vertical gradients of temperature in the upper ocean. It is important
that temperature analyses of the highest possible resolution, particularly of
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sea-surface temperature, are made available to the fishing industry.
The
analyses are required mainly for the management of fishing operations and
should be based upon measurements made within the previous ten days. Various
means can be used to distribute the analyses to the fishing fleet and fishery
authorities, the most common being mail messages, radio-facsimile broadcasts
and coded radio messages. Other environmental factors which are important are
the following:
salinity, clarity and oxygen content of the upper ocean;
large-scale movements of water in ocean currents; meandering and eddying of
these currents; and wind-induced mixing in the upper ocean.
The fishing
industry requires up-to-date information about all of them.
7.5.2

For planning purposes, fishery authorities require long-range
weather forecasts.
They also require forecasts of changes in sea-surface
temperature and, indeed, any other environmental variables which may
eventually affect the yields and catches of fish. Several techniques are used
to produce forecasts of changes in these variables, including trend
assessments, regression analyses and mathematical modelling. For research
purposes, both medium-range and long-range weather forecasts are required.
Moreover, opinions on forthcoming changes in climate are also of great
interest, because fish populations and distributions reflect changes in the
energy balance of the oceans and related changes in, for example, patterns of
ocean currents, intensities of upwelling and distributions of sea ice.
Fishery research is largely directed towards the following: stock-taking of
traditional fishing-grounds; understanding the life cycles and behavioural
patterns of the fish which are caught there for commercial purposes;
discovering new fishing-grounds; utilizing fish species not yet exploited;
producing prognoses of fishing yields and catches; and developing technologies
necessary for research work. For all these research purposes, meteorological,
climatological and/or oceanographic information is required.
7.6

Warnings

7. 6 .. 1

Procedures

As noted earlier in this chapter, the most productive
fishing-grounds tend to be in regions where storms, dense fog, ice accretion
and sea ice often create dangers for seafarers. In these regions and, of
course, all other sea areas, warnings of dangerous weather and sea conditions
are essential elements of marine meteorological services.
As already
mentioned� warnings are included in weather and sea bulletins and are, indeed,
so important that they are also issued by meteorological centres immediately
hazards are recognized. In ports and coastal areas, they are issued in plain
language or code form by means of telephone, telex, radio, television,
facsimile, special messengers, storm cones and publicly displayed notices.
Both marine and public radio stations broadcast warnings, the marine stations
using VHF, MF or LF bands.
As a minimum, a warning should contain the
following information: type of warning, date and time of reference (UTC),
extent of affected area, and nature of the danger expected in that area.
If
possible, the following details should also be given:
type of weather
disturbance (with a statement of its central pressure in hPa), location of the
disturbance (in terms of latitude and longitude or with reference to
well-known landmarks), direction and speed of movement of the disturbance,
likely duration of the expected hazard, and other relevant information. For
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issuing warnings of certain hazards, special arrangements have been
established. For example, the storm-surge warning services operated by the
Meteorological Services of The Netherlands, the United Kingdom and the United
States use direct links (telephone, telex, facsimile or radio) to alert port
authorities, emergency services, the police, the coastguard service, water
authorities and organizations which supply electrical power.
7.6.2

Ice accretion and fog

The requisites for a warning of ice accretion are as follows:
the wind strength is expected to reach Beaufort force 6, the air temperature
is expected to fall well below the freezing point of sea-water, and,
simultaneously, the sea-surface temperature is likely to be less than +2 ° C.
Warnings of fog are issued when the visibility is expected to fall below
1 km. As fog forecasts tend to be unreliable, fog warnings are often couched
in rather general terms or in the form of statements that the hazard already
exists, as in the following example of a fog warning for a coastal area issued
by the Japan Meteorological Agency on 18 June 1980:
WARNING=
DENSE FOG OBSERVED LOCALLY OVER YELLOW SEA SEA OF JAPAN
COASTAL WATERS OF NORTH JAPAN SEA SOUTHEAST OF HOKKAIDO
SEA AROUND KURILS AND SEA OF OKHOTSK =
WARNING=
DENSE FOG OBSERVED LOCALLY OVER WATERS BOUNDED BY 38N 150E
38N 165E 38N 180E 57N 180E 57N 164E 44N 150E 38N 150E =

Warnings are always issued when wind speeds in excess of 17 m/s (gale force)
are expected. However, maritime activities include recreational boating, the
operation of hydrofoil and hovercraft ferry services, search and rescue
operations, the towing and installation of oil and gas platforms, and
underwater maintenance work on coastal and offshore structures. For these and
a number of other maritime activities, warnings are desirable not only when
winds of gale force are expected but also when winds of Beaufort forces 6 and
7 are forecast.
7.6.3
Warnings of gales (Beaufort force 8 or 9), storms (force 10 or
over) and tropical cyclones typically contain the following: type of warning,
date and time of reference (UTC), type of disturbance (with the central
pressure given in hPa), location of the disturbance (in terms of latitude and
longitude or with reference to well-known landmarks), direction and speed of
movement of the disturbance, extent of affected area, wind speed (or force)
and direction in the affected area, sea and swell conditions in the affected
area, and other relevant information, such as the forecast positions of the
disturbance. Thus, the format of the warning is essentially the same as that
used for transmitting detailed warnings of hazards to fishermen (already
noted). Warnings of gales, storms and tropical cyclones are intentionally as
brief as possible without sacrificing clarity and completeness.
They are
updated whenever necessary and issued immediately. When no gales, storms or
tropical cyclones are expected, that fact is stated in Part 1 of weather and
sea bulletins.
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7.6.4
As stressed in Chapter 5, seafarers aboard ships of the WMO
Voluntary Observing Fleet contribute to meteorological services by making the
observations which are so valuable in respect of weather forecasting and
marine climatology. In certain circumstances, however, all seafarers are
obliged to provide information about weather and/or sea conditions. To comply
with Regulation 2 in Chapter V of the International Convention for the Safety
of Life at Sea (1974, amended in 1981 and 1983), every shipmaster must issue a
danger message when his ship meets objects or conditions which endanger
navigation.
In so far as meteorology is concerned, danger messages should
contain information about the following:
tropical storms and tropical
cyclones, especially their development; winds of Beaufort force 10 or stronger
for which no storm warning has been received; sub-freezing air temperatures
associated
with
gale-force
winds causing severe
ice accretion
on
superstructures; and occurrences of sea ice or ice of land origin (for
example, icebergs).
7.7

The International Ice Patrol

Information about icebergs may literally be vital, as the sinking
of the White Star liner Titanic off Newfoundland in April 1912 demonstrated
all too tragically. Indeed, there was an important outcome of this disaster:
the formation of an ice reconnaissance and warning service for the part of the
North Atlantic Ocean which overlies the Grand Banks. This service is known as
the International Ice Patrol and it operates from February to July, the
iceberg season in the waters off Newfoundland (Chapter 3). It is responsible
for the following:
observing sea ice, growlers, bergy bits and icebergs
(particularly in the shipping lanes which cross the area in question);
collecting reports of sea ice and icebergs radioed from ships and aircraft;
issuing warnings by radio and otherwise keeping shipping informed of ice
conditions; studying the drift, erosion, melting and disintegration of
icebergs; assisting vessels in distress; giving medical aid to crews of
passing vessels; and sinking or destroying floating wrecks and wreckage, thus
reducing the risk of ships colliding with such obstacles in fog (which is all
too common over the Grand Banks during the iceberg season, as noted in Chapter
2). The service is operated by the United States Coast Guard and is financed
on a "pay-as-you-benefit" basis (to quote the expression used in an unsigned
article on the International Ice Patrol published in July 1981, in Volume 51
of The Marine Observer). The nations which contribute to the expense of
maintaining and operating the service are those which have signed the
International Convention for the Safety of Life at Sea and also possess ships
which traverse the area covered by the service. The financing of the service
is calculated by ascertaining the total tonnage of each of these nations and
distributing the cost in proportion to the tonnage as a whole.
Observations are made visually from ships and aircraft of the
Coast Guard and from all other ships and aircraft operating in or crossing the
area.
They are also made by means of satellite surveillance and
sideways-looking airborne radar. Moreover, selected icebergs are tagged and
tracked electronically, and drifting buoys which are located and interrogated
by means of satellites provide useful information about weather and sea
conditions, particularly the speeds and directions of ocean currents. The
International Ice Patrol prepares charts daily and transmits them to users by
facsimile. The charts show the observed or computed positions of icebergs, as
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well as the estimated limits of all known ice, the edges of areas of sea ice
and the boundaries of areas within which concentrations of sea ice are 6 oktas
or more. North of latitude 47 ° N and west of longitude 46 ° W the charts do not
show the individual positions of icebergs.
Instead, as shown in Figure 7.3,
they show iceberg concentrations within rectangles measuring 1 ° of latitude by
1 ° of longitude. The Patrol also prepares a plain-language broadcast of the
information shown on the ice chart, transmitting twice daily by means of
radio-teletype.
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Figure 7.3 - Example of an International Ice Patrol facsimile chart
7.8

Weather routeing

In so far as is practicable, seafarers proceeding on voyages in
the vicinity of the Grand Banks of Newfoundland avoid the fishing areas north
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of latitude 43 ° N and pass outside regions known or. believed to be endangered
by ice. Some of them also take advantage of weather routeing to avoid not
only sea ice and icebergs but also heavy weather or adverse currents (or
both). As noted in Chapter 6, weather routeing (also lmown as ship routeing)
is an advice prepared at a meteorological office ashore and offered to
seafarers crossing oceanic areas where various routes can be chosen, depending
upon the weather, sea ice, icebergs, ocean currents, loadline zones and state
of loading.
The objectives of weather routeing include the following:
greater vessel safety, reduced fuel consumption, quicker voyages, avoidance of
heavy-weather damage, maximization of sunshine on cruises, and avoidance or
limitation of condensation problems in cargo holds and containers (a topic·
studied later in this chapter). At present, the type of routeing which tends
to be preferred is that known as "least-time routeing".
This is not
surprising, because about 70% of ships are operated not by their owners but by
time charterers, in which case voyage duration is of great importance.
However, sailing a ship at full speed along the shortest route from one place
to another may not be cost-effective, because the fuel consumed by doing so
may be significantly more than if the voyage took a day longer at reduced
speed. Furthermore, the weather on the shortest route may be such as to delay
the ship more than if it followed a different route.
In short, the
preparation of weather routeing advice is a complex task which takes into
account many factors.
Such advice is provided by the national Meteorological Services
of about a dozen countries and by a number of private companies, most of them
in Canada and the United States of America. The advice is available not only
in respect of long-distance voyages by ships but also in respect of journeys
by supply vessels between shore bases and rigs, as well as towage and salvage
operations, barge movements and various other maritime activities.
The
charges made for the provision of weather routeing advice usually reflect the
length of the voyage and the type of routeing required. The services rendered
for these charges vary slightly from country to country and company to
company.
However, the services rendered are all broadly sirnilar to those
offered by the British Meteorological Office (see "Weather Routeing of Ships",
an article published by G.V. Mackie in July 1981, in Volume 51 of The Marine
Observer):
•

Advice on the recommended route
is
given,
including
information about the weather and sea conditions to be
expected on it and the wave forecast for the first 48 hours.
When the ship carries a heavy or sensitive deck cargo and is
sailing from a British port, the Routeing Office� usually goes
on board and briefs the ship's master, explaining to him the
procedures and aims of the routeing service.

•

At intervals of at most two days, new forecasts of weather and
wave conditions along the route during the next 48 hours are
issued.

•
•

Deviations from the advised route are recommended if the
meteorological conditions along the first route become
unfavourable.
If necessary, information about icebergs is given and advice
regarding the best route to avoid tropical cyclones is
provided.
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A hindcast of the weather and wave conditions which occurred
during the crossing is carried out, and the crossing time
which is indicated by the optimal hindcast route is compared
not only with the advised route but also with a standard route
(usually a great circle). From the hindcast, the master and
shipowner can see how successful the routeing has been.

Because weather forecasts are not always correct, ship routeing is not always
successful. Indeed, routed ships have occasionally been delayed or damaged in
heavy seas which could have been avoided had the weather been correctly
forecast. Furthermore, some ships have lost containers overboard. However,
ship routeing is successful considerably more often than not, and significant
savings in fuel and voyage time are normally made by means of it.
The
greatest benefits are obtained during winter months (December, January and
February in the northern hemisphere, June, July and August in the southern).
To identify a vessel's optimum route, it is first necessary to project
wave patterns as far ahead as possible along its standard route, basing the
projections on wind and wave forecasts. It is then necessary to estimate the
vessel's likely progress in the weather and sea conditions which are forecast,
using for this purpose the vessel's performance curves (Figure 7.4) and other
characteristics C such as draught, displacement, metacentric height, maximum
roll angle and period, and maximum pitch angle and period). When making these
estimates, the first step is to calculate the distance the vessel is likely to
progress in 12 hours along each of a nwnber of routes fanning out from some
initial point and so construct the locus (or time-front) of possible ship
positions 12 hours after departure from that point (Figure 7.5). Thereafter,
with selected points on the time-front as initial points, the process is
repeated for a further interval of 12 hours, so that a time-front of possible
positions 24 hours after departure from the original point can be drawn
(Figure 7. 5). In the same way, a time-frent of positions 48 hours after
departure can be constructed, and the route which appears to be the best for
that period of 48 hours can thus be selected. At this stage the routeing
officer has to decide whether or not this route is navigationally feasible.
If it is, he then has to decide whether or not its use is advisable, given the
state of loading of the vessel. In addition, he must estimate losses of time
on the route because of adverse currents, and he must avoid directing the
vessel into areas of fog or ice.
Once the optimum route has been selected, a message is sent by radio
to the vessel's master, advising him to follow that route. The fact that this
message does indeed contain no more than advice is important. Whi 1st on a
voyage, a master is in command of his ship at al 1 times and cannot be
compelled to follow a route selected for him by someone ashore, no matter how
well qualified or informed. At the same time, though, the master should not
forget that in the meteorological service or company which is issuing the
advice, the task of selecting routes is entrusted to a team of mariners with
long seagoing experience. These mariners, almost all of them master mariners,
devote the whole of their time to selecting optimum routes for ships to
follow. Having at their disposal the resources of the meteorological service
or company which employs them, they always have up-to-date weather analyses
and prognoses to hand, as well as upper-air charts, satellite pictures, ice
information, weather and sea bulletins and warnings of severe weather.
Furthermore, they are briefed by experienced forecasters.
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Figure 7.4 - A ship's performance curves
7.9

Condensation in cargo spaces

As already noted, avoidance or limitation of condensation problems in
cargo holds and containers is one of the objectives of weather routeing.
There are many manifestations of these problems, including those noted in
Chapter 2:
rusty or discoloured cans, dislodged labels, mould formation,
caked
sugar,
moist
coffee or
chemicals,
germinating grain,
collapsed
packaging, spontaneous heating of organic materials, and release of noxious
gases from fruit or vegetables.
Whether or not condensation (called sweat) occurs in holds and
containers depends upon a number of factors, including temperature and
humidity at the ports of origin and destination, variations of temperature and
humidity in the climatic regions traversed during a voyage, localized sources
and sinks of heat and moisture within a ship, and diurnal variations of
temperature in the skins of containers carried on deck.
The properties of
cargoes must also be taken into account.
Organic cargoes ( such as wood,
grain, wool, cotton and paper) absorb or release moisture and are therefore
Cargoes such as timber or hides may be 100ist or even wet,
hygroscopic.
especially if loaded in wet weather.
Steel products and canned goods are
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Figure 7.5 - Time-fronts every 12 hours from 0000 UTC on 28th to 0000 UTC on
30th for a ship bound from Belle Isle towards Bishop Rock� For
explanation, see text (section 7.8)
non-hygroscopic, but their heat capacity tends to be high, so they generally
heat up and cool down rather slowly. Information about the history of a cargo
before it is loaded into a hold or container is also desirable, but is often
not available to a ship's officer.
Condensation in cargo spaces costs the shipping industry a great deal
of money, and several methods of preventing, removing or limiting it have been
devised. They involve the following: use of dehumidifiers; use of desiccants
or moisture-absorbent paints; pre-drying of cargoes, containers, dunnage and
packaging; use of non-hygroscopic packaging material; use of natural or
artificial ventilation; provision of ventilation channels within cargo spaces;
use of pallet covers; and application of nitrogen (to minimize the
deterioration of perishable foodstuffs which results from spontaneous heating
and the release of noxious gases).
7.9.1

Ventilation

For removing moisture from holds and containers, ventilation is used
more often than not, with various systems employed for the purpose. So far as
holds are concerned, natural ventilation by means of cowls is still commonly
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used (Figure 7.6). However, forced ventilation by means of mechanical systems
with all-weather ventilator heads is used aboard many ships, and on some of
the most modern vessels full air-conditioning is used. So far as containers
are concerned, natural ventilation is generally unsatisfactory, so mechanical
ventilation systems are normally used.
Which ventilation system is employed
is immaterial, however, if the officers responsible for cargo care do not
Wlderstand the principles which are involved in using the system correctly and
do not make the necessary measurements of air temperature and dew-point
temperature inside and outside cargo spaces carefully. An officer who uses a
ventilation system incorrectly can cause a great deal of damage.
Unless
air-conditioning is available, ventilation to remove excess heat or moisture
can be effected only with the air which happens to surround the ship, but on
some occasions this air is warmer or more humid than the air surrounding the
cargo, in which case ventilation is inadvisable. In general, ventilation is
W1wise when the temperature of the air surrounding the cargo is lower than the
dew-point temperature of the outside air. Ventilation is advisable, on the
other hand, when the temperature of the air close to the cargo is higher than
the dew-point temperature of the outside air.
For notes on the physical
processes involved in the formation of condensation in holds and containers,
reference should be made to Chapter 2.

Wind

<(p

C�rgo
Space

Figure 7.6 - Ventilation by means of cowls

J.9.2
As noted in Chapter 2, information about the history of a cargo before
it is loaded into a hold or container is not often available to a ship's
officer.
This is particularly so in the case of containers, which may be
transported long distances by road or rail before they reach the port where
they are loaded onto a ship. Moreover, containers may be parked for some time
on a quayside before they are loaded. Nevertheless, as G. Grunewald pointed
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out in an article entitled "The Effect of Temperature and Humidity on Goods in
Standardized Containers", published in Volume 47 of The Marine Observer in
October 1977, some large shipping concerns have set up advice centres inland
to study a whole range of problems associated with the packing, storage and
transportation of containers.
In his words, "These centres, staffed with
experienced mariners, are intended to cut down or preclude transport damage to
goods, especially at sea, by applying rational storage principles in
multi-mode transportation". Advice on measures to cope with condensation
problems in holds and containers is also available from port meteorological
officers.
7.10

Internationally agreed norms

For a summary of internationally agreed norms for the provision of
marine meteorological services, we turn to Regulation 4 in Chapter V of The
International Convention for the Safety of Life at Sea (1974, amended in 1981
and 1983). The words of this regulation are as follows:
(a)

The Contracting Governments undertake to encourage the collection
of meteorological data by ships at sea and to arrange for their
examination, dissemination and exchange in the manner most
suitable for the purpose of aiding navigation. Administrations
shall encourage the use of instruments of a high degree of
accuracy, and shall faci 1 itate the checking of such instruments
upon request.

(b)

In
particular,
the Contracting Governments
undertake
to
co-operate in carrying out, as far as practicable, the following
meteorological arrangements:
•

To warn ships of gales, storms and tropical storms, both by
the issue of radio messages and by the display of appropriate
signals at coastal points.

•

To issue daily, by radio, weather bulletins suitable for
shipping, containing data of existing weather, waves and ice,
forecasts and,
when
practicable,
sufficient additional
information to enable simple weather charts to be prepared at
sea and also to encourage the transmission of suitable
facsimile weather charts.
To prepare and issue such publications as may be necessary for
the efficient conduct of meteorological work at sea and to
arrange, if practicable, for the publication and making
available of daily weather charts for the information of
departing ships.

•

•

To arrange for selected ships to be equipped with tested
instruments (such as a barometer, a barograph, a psychrometer,
and suitable apparatus for measuring sea temperature) for use
in this service, and to take meteorological observations at
main standard times for surface synoptic observations (at
least four times daily, whenever circumstances permit) and to
encourage other ships to take observations in a modified form,
particularly when in areas where shipping is sparse; these
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ships to transmit their observations by radio for the benefit
of the various official meteorological services, repeating the
information for the benefit of ships in the vicinity. When in
the vicinity of a tropical storm, or of a suspected tropical
storm, ships should be encouraged to take and transmit their
observations at more frequent intervals whenever practicable,
bearing in mind navigational preoccupations of ships' officers
during storm conditions.
• To arrange for the reception and transmission by coast radio
stations of weather messages from and to ships. Ships which
are unable to communicate direct with shore shal 1 be
encouraged to relay their weather messages through ocean
weather ships or through other ships which are in contact with
shore.
• To encourage all masters to inform ships in the vicinity and
also shore stations whenever they experience a wind speed of
50 knots or more (force 10 on the Beaufort scale).
• To endeavour to obtain a uniform procedure in regard to the
international meteorological services already specified, and,
as far as is practicable, to conform to the technical
regulations
and
recommendations
made
by
the
World
Meteorological
Organization,
to
which
the
Contracting
Governments may r-efer for
study and advice on any
meteorological question which may arise in carrying out the
present Convention.
(c) The information provided for in this regulation shall be
furnished in form for transmission and transmitted in the order
of priority prescribed by the Radio Regulations, and during
transmission "to all stations" of meteorological information,
forecasts and warnings, all ship stations must conform to the
provisions of the Radio Regulations.
(d) Forecasts, warnings, synoptic and other meteorological reports
intended for ships shall be issued and disseminated by the
national service in the best position to serve various zones and
areas, in accordance with mutual arrangements made by the
Contracting Governments concerned.
7.11

Deficiencies and reguirements

Finally in this chapter, we focus upon deficiencies in marine
meteorological services and future requirements for services and products. We
note first that the inadequate supply of weather reports from sea stations is
probably the matter of greatest concern at the present time. The sparsity of
reports from ships is partly responsible for the inadequacy of the supply,
with vessels of the world's Voluntary Observing Fleet being particularly few
and far between on the Black Sea, Arabian Sea, Indian Ocean, Yellow Sea,
eastern parts of the Mediterranean Sea and eastern parts of the South Pacific
Ocean. In these, as in other oceanic regions, there is a pressing need to
make more use of drifting buoys.
Moreover, because of deficiencies in

319

MARINE METEOROLOGICAL SERVICES

facilities and weaknesses in arrangements for communicating weather reports
from sea stations to meteorological centres, many observations do not reach
weather forecasters in time to be useful. From ships with only one radio
operator, for example, the midnight weather observations are often not
available before 0800 UTC. Even when observations are transmitted promptly by
radio officers, some are not retransmitted promptly, if at all, by coastal
radio stations or by meteorological collection centres.
In respect of
transmissions from offshore installations to shore stations, the basic
problems are communication difficulties and shortages of time and staff.
To remedy other deficiencies, new products and services are required
and existing services need to be extended. In particular, improvements in the
following are required:
•

Analyses and forecasts of wave height and direction (using
contoured or gridded values), analyses and forecasts of wave
spectra at fixed points, analyses of swell, analyses of total sea
state and forecasts of storm surges;

• Temporal and spatial resolutions of the wind fields which are used
in wave forecasting;
• Wave analyses for the Great Lakes and swell analyses for the
Mediterranean Sea;
• Wave and swell analyses in the southern hemisphere, particularly
for coastal areas which are exposed to swell;
•

Analyses of pressures and winds at sea-level, particularly so that
the forecast period can reliably be extended beyond 72 hours;

•

Tidal information, bathythermal information
forecasts of sea-surface temperature;

•

Forecasts for recreational boating, forecasts of ice accretion,
long-range weather forecasts for fisheries and forecasts of weather
and sea state for ports, harbours and coastal areas.

and

analyses

and

Additional weather routeing services for shipping also need to be provided and
additional port meteorological officers appointed.
The tendency for manning levels aboard ships to decrease is likely to
continue. The various types of information which are presented visually and
automatically to masters and their officers must therefore be clear,
unambiguous and in a form of presentation which requires little or no further
interpretation or extrapolation (but, at the same time, recognizes the
professional competence and training of these officers). Furthermore, ships
and structures are likely to grow ever more sophisticated and expensive, as a
result of which marine meteorological services will need to be reshaped to
some extent. Today's super-ships are designed to cope with conditions on the
high seas.
In and near ports and harbours, however, they tend to be
especially vulnerable to small variations in weather and sea conditions and to
errors in the judgements of pilots and shipmasters. The consequences of these
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errors can be disastrous. Accordingly, meteorological services for ports and
harbours need to be improved and expanded. Ideally, they should include the
following:
•

Precise mesoscale analyses and forecasts of weather and water
conditions in channels, fairways, docking areas and anchorages;

•

Real-time observing and reporting systems which provide continuous
supplies of meteorological and oceanographic data;

•

Central facilities in which the continuously acquired data are
evaluated, processed and prepared for dissemination;

•

Dissemination systems which ensure delivery
warnings to users as rapidly as possible.

of

forecasts

and

In addition, systems for issuing forecasts and warnings for coastal and
offshore areas must also be expanded as marine activities in these areas
increase in scope and number. The elements which will eventually need to be
included in the forecasts and warnings are as follows: waves on beaches, surf
and shore erosion, coastal currents and tidal anomalies, storm surges and
coastal flooding, oceanic factors which contribute to the success of fishing
operations, mesoscale weather forecasts for oil and gas platforms, and
forecasts of the trajectories of hazardous substances (oil spilled from
wellheads, for example).
The modern world of shipping is one of electronic sophistication,
technological superlatives and rising costs, and the same is true of most
other marine activities. Meteorological services for users of the sea have
been provided for almost a century and a half, and throughout this period they
have evolved in response to scientific progress and technological change. The
evolutionary process will undoubtedly continue, with the safety of life at sea
and the avoidance of environmental pollution the considerations of paramount
importance. As stressed in Chapter 6, however, the need for users of the sea
to be weather-wise remains.
Even the most sophisticated systems fail
occasionally.

WORLD METEOROLOGICAL ORGANIZATION

COMPENDIUM
OF LECTURE NOTES IN
MARINE METEOROLOGY
FOR CLASS Ill AND CLASS IV PERSONNEL

prepared by
J. M. WALKER

SECOND EDITION
ADDENDUM

REFERENCES AND ACKNOWLEDGMENTS

WMO- No. 434
Secretariat of the World Meteorological Organization
Geneva - Switzerland

R E F E R E N C E S
Alfultis, M.A., 1989:
2-6.
Anon., 1981:
20-31.

Looking for icebergs.

The International Ice Patrol.

Mariners Weather Log, 33 (2),
The Marine Observer, 51 (271),

Argos, 1989: Leaflet describing moored buoys, published by CLS Service Argos,
18 Avenue Edouard Belin, 31055 Toulouse Cedex, France.
Barry, R.G. and Chorley, R.J., 1987:
edition. Methuen, London, 460 pp.
Battan, L.J., 1979:
321 pp.

Atmosphere, Weather and Climate, 5th

Fundamentals of Meteorology.

Prentice-Hall, New Jersey,

Beer, T., 1983: Environmental Oceanography: An Introduction to the Behaviour of
Coastal Waters. Pergamon Press, Oxford, 262 pp.
Beresford, A.K.C. and Dobson, H.W. (editors), 1989:
16th edition. Lloyd's of London, 144 pp.

Lloyd's Maritime Atlas,

Budyko, M.I., 1974: Climate and Life (English edition, edited by D.H. Miller).
Academic Press, London, 508 pp.
Bulmer, B.F., 1978: Meteorology for Mariners, 3rd edition (Met.0.895).
Majesty's Stationery Office, London, 275 pp.
Chandler, T.J., 1972:
89 pp.

Modern Meteorology and Climatology. Nelson, London,

Couper, A.O. (editor), 1983:
London, 272 pp.
Crowe, P.R., 1971:

Her

The Times Atlas of the Oceans. Times Books,

Concepts in Climatology.

Darbyshire, M. and Draper, L., 1963:
Engineering, 195, 482-484.

Longman, London, 589 pp.

Forecasting wind-generated sea waves.

Davies, J.L., 1980: Geographical Variation in Coastal Development, 2nd
edition. Longman, London, 212 pp.
Del\ngelis, D., 1975:
19 (6), 337-345.

The world of tropical cyclones.

Mariners Weather Log,

Department of Energy, 1984: Offshore Installations: Guidance on Design and
Construction (Part II, Section 2, Environmental Considerations). Her
Majesty's Stationery Office, London, 18-43.
Draper, L., 1974: Oceanographic conditions. In The Celtic Sea: Meteorological
and Oceanographic Conditions (by A.O. Couper, J.M. Walker and L. Draper),
University of Wales Institute of Science and Technology (Cardiff, United
Kingdom), 87-121.

REFERENCES

322

Draper, L. and Bownass, T.M., 1983:
Weather, 38 (11), 346-352.

Wave devastation behind Chesil Beach.

ESA, 1985: Looking Down - Looking Forward (Earth Observation: Sciences and
Applications - A Perspective). European Space Agency Report (ESA
SP-1073), Noordwijk, 53 pp.
Fein, J.S. and Stephens, P.L. (editors), 1987: Monsoons. Wiley-Interscience,
New York, 632 pp. (Figs. 4.31-4.33 taken from paper by R.A. Knox entitled
The Indian Ocean: interaction with the monsoon, pp.365-397).
Francis, P.E., 1983:
53 (281), 135-144.

The forecasting of state of sea.

The Marine Observer,

Fu, L-L. and Holt, B., 1982: Seasat views oceans and sea ice with
synthetic-aperture radar. US National Aeronautics and Space
Administration, Jet Propulsion Laboratory, Pasadena, JPL Publication
81-120, 200 pp.
Groen, P., 1967:

The Waters of the Sea.

Van Nostrand, London, 328 pp.

Grunewald, G., 1977: The effect of temperature and humidity on goods in
standardized containers. The Marine Observer, 47(4), 187-198.
Hamilton, G.D., 1983: Drifting buoys in support of marine meteorological
services. Marine Meteorology and Related Oceanographic Activities Report
No. 11. World Meteorological Organization, Geneva, 61 pp.
Hamilton, G.D. and Rosso, R., 1983: Guide to data collection and location
services using Service Argos. Marine Meteorology and Related
Oceanographic Activities Report No. 10. World Meteorological Organization,
Geneva, 47 pp+ annexes.
Hubert, L.F., 1966: Mesoscale cellular convection. U.S. Department of
Commerce, Environmental Science Services Administration, Meteorological
Satellite Laboratory Report No. 37, 68 pp.
Hunt, R.D., 1972:
115-124.

North Sea storm surges.

Lockwood, J.G., 1985:

The Marine Observer, 42 (237),

World Climatic Systems.

Edward Arnold, London, 292 pp.

Lundqvist, J-E. and Udin, I., 1977: Ice accretion on ships, with special
emphasis on Baltic conditions. Winter Navigation Research Board (Swedish
Administration of Shipping and Navigation, Finnish Board of Navigation),
Research Report No. 23 (SMHI, RMK 7), 32 pp.
Lutgens, F.K. and Tarbuck, E.J., 1979: The Atmosphere: An Introduction to
Meteorology. Prentice-Hall, New Jersey, 413 pp.
Mackie, G.V., 1981:
121-127.

Weather routeing of ships.

The Marine Observer, 51 (273),

Mallory, J.K., 1974: Abnormal waves on the south-east coast of South Africa.
The International Hydrographic Review, 51 (2), 99-129.

REFERENCES

323

McClain, E.P., 1978: Eleven year chronicle of one of the world's most gigantic
icebergs. Mariners Weather Log, 22 (5), 328-333.
McCormick, J.M. and Thiruvathukal, J.V., 1981: Elements of Oceanography, 2nd
edition. Saunders College Publishing, Philadelphia, 448 pp.
McIntosh, D.H. and Thom, A.S., 1969:
Publications, London, 239 pp.

Essentials of Meteorology.

Wykeham

Mason, Sir John, 1980: Weather forecasting as a problem in fluid dynamics.
Marine Observer, 50 (269), 117-132.
Meadows, P.S. and Campbell, J.I., 1988:
edition. Blackie, Glasgow, 285 pp.

The

An Introduction to Marine Science, 2nd

Mertins, H.0., 1968: Icing on fishing vessels due to spray. The Marine
Observer, 38 (221), 128-130.
Mertins, H.O., 1976: Compendium of Lecture Notes in Marine Meteorology for
Class III and Class IV Personnel (WMO-No. 434). World Meteorological
Organization, Geneva, 222 pp.
Meteorological Office, 1956: Handbook of Meteorological Instruments: Part 1 Instruments for Surface Observations (Met.0.577). Her Majesty's
Stationery Office, London, 458 pp.
Meteorological Office, 1967: Meteorology for Mariners, 2nd edition
(Met.0.593). Her Majesty's Stationery Office, London, 304 pp.
Meteorological Office, 1977: The Marine Observer's Handbook, 10th edition
(Met.0.887). Her Majesty's Stationery Office, London, 157 pp.
Meteorological Office, 1985:
Office, London, 58 pp.

Annual Report for 1984.

Her Majesty's Stationery

Meteorological Office, 1987: Ships' Code and Decode Book, 10th edition,
revised (Met.0.509). Her Majesty's Stationery Office, London, 58 pp.
Musk, L.F., 1988:

Weather Systems.

Cambridge University Press, 160 pp.

Neumann, C.J., et al., 1978: Tropical Cyclones of the North Atlantic Ocean,
1871-1977. National Oceanic and Atmospheric Administration (National
Climatic Center), US Department of Commerce, Asheville, 170 pp.
Parnell, G.Q., 1986:

Ice Seamanship.

The Nautical Institute, London, 87 pp.

Pedgley, D.E., 1978: A Course in Elementary Meteorology, 2nd edition
(Met.0.911). Her Majesty's Stationery Office, London, 208 pp.
Perry, A.H. and Walker, J.M., 1977:
London, 160 pp.

The Ocean-Atmosphere System.

Longman,

Pickard, G.L. and Emery, W.J., 1982: Descriptive Physical Oceanography - An
Introduction, 4th edition. Pergarnon Press, Oxford, 249 pp.

324

REFERENCES

Ramage, C.S., et al., 1980: Meteorological Atlas of the 1972-73 El Nino.
University of Hawaii, Department of Meteorology, Technical Report UHMET
80-03, prepared under NSF Grant No. ATM-76-16737 A02 and NOM Grant No.
04-78-BOl-4, 101 pp.
Richardson, P.L., 1980: Gulf Stream ring trajectories.
Oceanography, 10 (1), 90-104.

Journal of Physical

Riehl, H. and Malkus, J.S., 1958: On the heat balance in the equatorial trough
zone. Geophysica, 6 (3-4), 503-537.
Roberts, C.W. and Frankcom, C.E.N., 1985: Maritime Meteorology: A Guide for
Deck Officers. Thomas Reed Publications, London, 258 pp.
Roberts, E.D., 1971: Handbook of Aviation Meteorology (Met.0.818).
Majesty's Stationery Office, London, 404 pp.
Roll, H.U., 1965:
426 pp.

Physics of the Marine Atmosphere.

Starling, S.G. and Woodall, A.J., 1957:
and Co., London, 1328 pp.

Tait, R.V., 1981:
London, 356 pp.

Academic Press, London,

Physics, 2nd edition.

Stubbs, M.W., 1983: Your Own Weather Map.
Bracknell, United Kingdom, 66 pp.

Her

Longmans, Green

Royal Meteorological Society,

Elements of Marine Ecology, 3rd edition.

Tchernia, P., 1980: Descriptive Regional Oceanography.
253 pp. and 19 charts.
Tolmazin, D., 1985: Elements of Dynamic Oceanography.
181 pp.

Butterworths,

Pergamon Press, Oxford,
Allen and Unwin, London,

Trewartha, G.T., 1981: The Earth's Problem Climates, 2nd edition.
University of Wisconsin Press, 371 pp.

The

Wells, N., 1986: The Atmosphere and Ocean - A Physical Introduction.
and Francis, London, 347 pp.

Taylor

WMO, 1966: The Preparation and Use of Weather Maps by Mariners (Technical Note
No.72, WMO-No.179/TP.89). World Meteorological Organization, Geneva,
87 pp. An updated version of this manual was published by the World
Meteorological Organization in 1983, as Marine Science Affairs Report
No.15 (WMO-No.595), 100 pp.
WMO, 1982: Guide to Marine Meteorological Services, 2nd edition (WMO-No.471).
World Meteorological Organization, Geneva.
WMO, 1984a: Sea-ice Information Services in the World (WMO-No.574, Supplement
No.l). World Meteorological Organization, Geneva, 104 pp.
WMO, 1984b: Guidelines for the Education and Training of Personnel in
Meteorology and Operational Hydrology, 3rd edition (WMO-No.258). World
Meteorological Organization, Geneva, 301 pp.

REFERENCES

325

WMO; 1985: Manual on Marine Meteorological Services (WMO-No.558, Supplement
No.4). World Meteorological Organization, Geneva.
WMO, 1986: World Weather Watch - Thirteenth Status Report on Implementation
(WMO-No.674). World Meteorological Organization, Geneva.
WMO, 1988: Guide to Wave Analysis and Forecasting (WMO-No.702).
Meteorological Organization, Geneva.

World

Woodroffe, A., 1981: The Fastnet storm - a forecaster's viewpoint.
Meteorological Magazine, 110 (1311), 271-287.

The

S O U R C E S
Fig. 1.1
Fig. 1.2
Fig. 1.3
Fig. 1.4
Fig. 1.5
Fig. 1.6
Fig. 1.7
Fig.
Fig.
Fig.
Fig.

1.8
1.9
1.10
2.1

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

2.2
2.6
2.7
2.8
2.10
2.11
2.12
2.13

Figs. 2.14
and 2.15
Fig. 2.16
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

2.17
2.18
2.19
2.20
2.21
3.2
3.3
3.4
3.5
3.6
3.7
3.8
3.9
3.10
3.11
3.12
3.14
3.15
3.18
3.19
3.20
3.21
3.22

(a) After Wells, 1986: Fig. 1.10, p.22.
(b) Taken from from Wells, 1986: Fig.1.9, p.20.
Taken from Meadows and Campbell, 1988: Fig. 3.1, p.45.
Taken from Pickard and Emery, 1982: Fig. 3.3, p.26.
Taken from Tchernia, 1980: Figs. 5.40, 6.12 and 7.12, pp.162, 197
and 242.
Taken from Tait, 1981: Fig. 4.1, p.76.
After Tchernia, 1980: Plates 9 and 19.
Taken from Tchernia, 1980: Figs. 6.12, 6.21 and 7.12, pp.197, 213
and 242.
Taken from Tolmazin, 1985: Fig. 2.1, p.14.
After Couper, 1983: Figs. 5 and 6, p.67.
After Beresford and Dobson, 1989: pp.6 and 7.
After Lutgens and Tarbuck, 1979: Fig. 12.17, p.303. Inset taken
from Musk, 1988: Fig. 2.2, p.13.
Taken from Barry and Chorley, 1987: Fig. 1.36, p.52.
After Bulmer, 1978: Fig. 8.10, p.105.
Taken from Perry and Walker, 1977: Fig. 4.23, p.98.
Taken from Roll, 1965: Fig. 91, p.292.
Taken from Bulmer, 1978: Fig. 3.6, p.32.
Taken from Bulmer, 1978: Figs. 3.7 and 3.8, p.32.
Taken from Pedgley, 1978: Fig. 13, p.31.
Traced from the Daily Aerological Record of the British
Meteorological Office, No.20714, published Monday, 15 December
1975.
After Davies, 1980: Fig. 17, p.28.
Taken from Department of Energy, 1984: Figs. 2.3 and 2.4, pp.24
and 25.
Taken from Couper, 1983: Fig. 7, p.57.
After Couper, 1983: Fig. 6, p.57.
Taken from Pedgley, 1978: Fig. 49, p.119.
Taken from Pedgley, 1978: Figs. 52 and 53, p.124.
Taken from Meteorological Office, 1977: Fig. 30, p.96.
(a) Taken from Starling and Woodall, 1957: Fig. 35.15, p.838.
Taken from WMO, 1988 : Fig. 1.14, p.1-14.
Taken from Wells, 1986: Fig. 8.2, p.235.
Taken from WMO, 1988 : Fig. 1.12, p.1-11.
Taken from Groen, 1967: Figs. 54 and 55, pp.133 and 134.
Taken from WMO, 1988 : Fig. 1.8, p.1-8.
Taken from WMO, 1988 : Figs. 1.9 and 1.10, pp.1-8 and 1-9.
Taken from Perry and Walker, 1977: Fig. 3.4, p.57.
Taken from Perry and Walker, 1977: Fig. 3.5, p.59.
After Davies, 1980: Fig. 25, p.41.
After Davies, 1980: Fig. 26, p.41.
Taken from Mallory, 1974: Fig. 4, p.106.
Taken from Draper and Bownass, 1983: Fig. 3, p. 349.
Taken from Perry and Walker, 1977: Fig. 3.9, p.63.
Taken from Perry and Walker, 1977: Fig. 3.10, p.64.
Taken from Perry and Walker, 1977: Fig. 3.11, p.65.
Taken from Perry and Walker, 1977: Fig. 3.12, p.66.
Taken from Perry and Walker, 1977: Figs. 2.8 and 2.9, p.20.

SOURCES

327

Taken from Perry and Walker, 1977: Figs. 2.10 and 2.11, p.21
Taken from Perry and Walker, 1977: Fig. 3.14, p.67.
Taken from Hunt, 1972: Fig. 3, p.120.
Taken from Hunt, 1972: Fig. 4, p.121.
After Perry and Walker, 1977: Fig. 2.13, p.22.
Taken from Tchernia, 1980: Fig. 5.41, p.164.
After Tchernia, 1980: Figs. 5.19 and 5.20, pp.127 and 129.
Taken from Perry and Walker, 1977: Fig. 2.29, p.38.
Base diagram taken from Perry and Walker, 1977: Appendix, p.140.
Taken from Tchernia, 1980: Fig. 4.16, p.74.
After Beer, 1983: Fig. 5.1, p.85.
Taken from Parnell, 1986: Fig. 6, p.43.
After Bulmer, 1978: Fig. 18.2, p.254.
Taken from Parnell, 1986: p.23.
After McClain, 1978: Fig. 23, p.328.
Taken from Groen, 1967: Fig. 46, p.117.
Taken from Anon, 1981: Fig. 2, p.25.
After Alfultis, 1989: p.4.
After Lundqvist and Udin, 1977: Figs. 7, 8 and 9, pp.14 and 15.
After Mertins, 1968: Fig. 1, p.129 and Lundvist and Udin, 1977:
Figs. 13 and 16, pp.20 and 25.
Taken from Budyko, 1974: Fig. 30, p.164.
Fig. 3.44
Fig. 3.45
Taken from Budyko, 1974: Fig. 31, p.165.
Taken from Budyko, 1974: Fig. 33, p.168.
Fig. 3.46
Taken from Budyko, 1974: Fig. 34, p.169.
Fig. 3.47
Taken from Perry and Walker, 1977: Fig. 2.1, p.15.
Fig. 4.1
Taken from McIntosh and Thom, 1977: Fig. 3.3, p.30.
Fig. 4.2
Taken from Perry and Walker, 1977: Fig. 2.3, p.17.
Fig. 4.3
Taken from Perry and Walker, 1977: Fig. 2.5, p.18.
Fig. 4.4
Taken from McIntosh and Thom, 1969: Fig. 10.1, p.186.
Fig. 4.5
Taken from Budyko, 1974: Fig. 23, p.150.
Fig. 4.6
Taken from Budyko, 1974: Fig. 25, p.153.
Fig. 4.7
Taken from Budyko, 1974: Fig. 26, p.155.
Fig. 4.8
Taken from Perry and Walker, 1977: Fig. 4.6, p.77.
Fig. 4.9
Figs. 4.10, Taken from Perry and Walker, 1977: Fig. 4.16, p.87.
4.12 and 4.14
Fig. 4.11
After Budyko, 1974: Fig. 65, p.202.
(a) After Budyko, 1974: Fig. 58, p.196.
Fig. 4.13
(b) After Perry and Walker, 1977: Fig. 4.16d, p.87.
Taken from Budyko, 1974: Fig. 37, p.174.
Fig. 4.15
Taken from Budyko, 1974: Fig. 38, p.176.
Fig. 4.16
After Perry and Walker, 1977: Fig. 4.19, p.90.
Fig. 4.17
Fig. 4.18
Taken from Barry and Chorley, 1987: Fig. 6.3, p.280.
Fig. 4.19
After Riehl and Malkus, 1958: Fig. 15, p.523.
(b) Reproduced from Roll, 1965: Fig. 92, p.305.
Fig. 4.22
Fig. 4.23
After Lockwood, 1985: Fig. 2.7, pp.49 and 50.
Fig. 4.24
Taken from Bulmer, 1978: Fig. 11.4, opposite p.146.
Fig. 4.25
(a) Based on data published by DeAngelis, 1975: Table 2, p.341.
(b) Taken from Neumann et al, 1978: Fig. 6, p.19.
Fig. 4.26
Based on data published by DeAngelis, 1975: Table 2, p.341.
Fig. 4.27
Taken from Lutgens and Tarbuck, 1979: Fig. 10.19, p.236.
Fig. 4.28
Lower diagram reproduced from Bulmer, 1978: Fig. 11.1, p.141.
After Bulmer, 1978: Fig. 11.5, p.147.
Fig. 4.29
Taken from Bulmer, 1978: Fig. 11.6, p.158.
Fig. 4.30
Fig. 4.31
Taken from Fein and Stephens, 1987: Fig. 13.1, p.366.
Fig. 4.32
Taken from Fein and Stephenson, 1987: Fig. 13.1, p.367.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

3.23
3.24
3.25
3.26
3.27
3.28
3.29
3.30
3.31
3.32
3.33
3.34
3.36
3.37
3.38
3.39
3.40
3.41
3.42
3.43

328

SOURCES

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

4.33
4.34
4.35
4.36
4.37
4.38
4.39
4. 40
4.41
4.42
4.43
4.45
4.46
4.47
4.48
4.49
4.53
4.54
4.55
5.1
5.2
5.3
5.4

Fig.
Fig.
Fig.
Fig.

5.5
5.6
5.7
5.8

Fig. 5.9
Fig. 5.10
Fig. 5.11
Fig. 5.12
Fig. 5.13
Fig. 5.14
Fig. 5.16
Fig. 5.17
Fig. 5.18
Fig. 5.19
Fig. 5.20
Fig. 5.21
Figs. 5.22
and 5.23
Fig. 5.24
Fig. 5.25
Fig. 5.26
Fig. 5.27
Fig. 5.29
Fig. 5.30
Fig. 5.31
Fig. 5.32
Fig. 6.1
Fig. 6.2

Taken from Fein and Stephenson, 1987: Fig. 13.3, p.371.
After Ramage et al, 1980: pp.34 and 48.
Taken from Trewartha, 1981: Fig. 2.3, p.27.
Taken from Trewartha, 1981: Fig. 4.8, p.58.
After Richardson, 1980: Figs. la and 2a, pp.91 and 93.
Taken from Perry and Walker, 1977: Fig. 2.28, p.37.
Taken from Chandler, 1972: Fig. 9, p.16.
Taken from Lockwood, 1985: Fig. 1.10, p.23.
Taken from Barry and Chorley, 1987: Fig. 3.24, pp.142 and 143.
Taken from Barry and Chorley, 1987: Fig. 3.26, p.145.
Taken from Battan, 1979: Fig. 8.10, p.155.
Taken from Roberts, 1971: Fig. 89, p.225.
Taken from Musk, 1988: Fig. 10.8, p.91.
Taken from Roberts, 1971: Fig. 94, p.238.
Taken from Barry and Chorley, 1987: Fig. 4.15, p.189.
Taken from Perry and Walker, 1977: Figs. 4.26 and 4.27, p.103.
Taken from Crowe, 1971: Fig. 137, p.435.
Taken from WMO, 1966: Figs. 32 and 33, p.61.
After Hubert, 1966: Fig. 4, p.7.
Based on data published in WMO, 1986: Annex VII, p.V-23.
Based on data supplied b y the World Meteorological Organization.
Taken from Meteorological Office, 1977: Fig. 22, p.25.
Taken from Meteorological Office, 1977: Fig. 8, between pp.8 and
9.
Taken from Mertins, 1976: Fig. 37, p.54.
Taken from Meteorological Office, 1956: Fig. 62, p.174.
Taken from Mertins, 1976: Fig. 35, p.53.
Taken from Meteorological Office, 1977: Figs, 10, 11 and 12,
between pp.8 and 9.
Taken from Pickard and Emery, 1982: Plate 10.
Taken from Groen, 1967: Fig. 26, p.51.
After Meteorological Office, 1977: Figs. 1, 17 and 18, pp.1, 10
and 11.
Taken from Meteorological Office, 1977: Fig. 19, p.14.
Taken from Meteorological Office, 1977: Fig. 5, between pp.8 and
9.
Taken from Meteorological Office, 1977: Fig. 21, p.19.
Taken from Meteorological Office, 1977: Fig. 14, between pp.8 and
9.
Taken from Bulmer, 1978: Fig. 3.9, p.36.
Taken from Meteorological Office, 1977: Fig. 28, p.60.
Taken from Pedgley, 1978: Fig. 38, p.101.
Taken from Tolmazin, 1985: Fig. 2.5, p.26.
Taken from Wells, 1986: Fig. 6.2, p.154.
Taken from Pickard and Emery, 1982: Fig. 6.2, p.83.
Taken
Taken
After
Taken
Taken
Taken
After
Taken
After
Taken

from Tolmazin, 1985: Fig. 2.10, p.30.
from Argos, 1989.
ESA, 1985: Fig. 4, p.9.
from Fu and Holt, 1982: Fig. 1, p.4.
from Bulmer, 1978: Fig. 6.1, p.69.
from Bulmer, 1978: Fig. 6.2, p.70.
Bulmer, 1978: Figs. 6.3 and 14.3, pp.72 and 215.
from WMO, 1985: Appendix II.4, p.II.4-1.
Woodroffe, 1981: Figs. 1 and 12, pp.272 and 284.
from Meteorological Office, 1985: p.15.

SOURCES

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

6.3
6.6
6.7
6.8
6.9
6.11
6.13
6.15
6.16
6.17
6.18
7.1
7.2
7.3
7.4
7.5

Taken
Taken
Taken
After
Taken
Taken
Taken
After
After
After
After
Taken
Taken
Taken
Taken
Taken

from Meteorological Office, 1967: Fig. 13. 4, p.176.
from Pedgley, 1978: Fig. 9, p.25.
from Roberts, 1971: Fig. 95, p.238.
McIntosh and Thom, 1969: Fig. 8.12, p.138.
from Roberts, 1971: Fig. 96b, p.239.
from Meteorological Office, 1987: p.34.
from Meteorological Office, 1987: p.36.
Darbyshire and Draper, 1963: Figs. 1 and 2, pp.5 and 6.
Darbyshire and Draper, 1963: Figs. 3 and 4, pp.6 and 7.
Draper, 1974: Fig. 13, p.117.
Francis, 1983: Figs. 1, 2 and 3, pp.136, 137 and 139.
from Meteorological Office, 1987: p.49.
from Stubbs, 1983: Figs. 22 and 23, pp. 47 and 49.
from WMO, 1984: Chart 19, p.101.
from Roberts and Frankcom, 1985: Fig. 25.1, p.190.
from Roberts and Frankcom, 1985: Fig. 25.2, p.191.

329

A CKNOW LEDGE MEN T S
For granting permission to reproduce 9r adapt copyright material, the following
are gratefully aclmowledged:
Pergamon Press PLC for figures from Beer (1983) and Pickard and Emery (1982);
Professor K. Wyrtki and Pergamon Press PLC for figures from Tchernia (1980);
Prentice Hall, Inc. for figures frQm Lutgens and Tarbuck {1979) and Battan
(1979); Taylor and Francis Ltd. and Dr N.C. Wells for figures from Wells
(1986); Academic Press Inc. and Professor M.I. Budyko for figures from Budyko
(1974); Academic Press Inc. for figures from Roll (1965); Longman .Group UK
Ltd. for figures from Crowe (1971), Davies (1980), Perry and Walker (1977) and
Starling and Woodall { 1957); Dr A.H. Perry for figures from Perry and Walker
(1977); The University of Wisconsin Press for figures from Trewartha (1981);
Bureau Hydrographique International for a figure from Mallory (1974); Times
Books for figures from Couper .(1983); The Meteorological Office of the United
Kingdom and Her Majesty's Stationery Office {London) for diagrams, photographs
and text from Anon (1981), Bulmer (1978), Department ofEnergy (1984), Francis
(1983),
Hunt
(1972),
Mertins
(1968),
Meteorological
Office
(1956),
Meteorological Office (1967), Meteorological Office (1977), Meteorological
Office (1985), Meteorological Office (1987), Pedgley (1978), Roberts (1971)
and Woodroffe (1981); Dr D.H. McIntosh and Wykeham Publications {Taylor and
Francis Ltd.) for figures from McIntosh and Thom (1969); Dr R.V. Tait and
Butterworth Scientific Ltd. for a figure from Tait (1981); Cambridge
University Press for figures from Musk (1988); Professor C.S. Ramage and Dr
A.M. Hori for diagrams from Ramage et al (1980); John Wiley and Sons Inc. for
figures from Fein and Stephens (1987); European Space Agency for a figure from
ESA (1985); Lloyd's of London Press for a chart from Beresford and Dobson
(1989); CLS Service Argos (Toulouse) for a diagram from Argos (1989); The
Swedish Meteorological and Hydrological Institute for diagrams from Lundqvist
and Udin (1977); the Superintendent of Documents (U.S. Government Printing
Office) for a figure from Neumann et al (1978); Richard DeAngelis, Editor of
Mariners Weather Log, for figures and data from Alfultis (1989), DeAngelis
(1975) and McClain (1978); American Meteorological Society for figures from
Richardson (1980) and Chandler (1972); Royal Meteorological Society for
figures from Stubbs (1983) and Draper and Bownass (1983); Engineering magazine
(London) for figures from Darbyshire and Draper (1963); The Nautical Institute
for diagrams from Parnell (1986); The Jet Propulsion Laboratory (California
Institute of Technology, Pasadena, U.S.A.) for a figure from Fu and Holt
(1982); Thomas Reed Publications Ltd. for figures from Roberts and Frankcom
(1985); Unwin Hyman Ltd. for figures from Tolmazin (1985); Van Nostrand
Reinhold International (Chapman and Hall) for figures from Groen Cl96 7) ;
Edward Arnold for figures from Lockwood (1985).
Every effort has been made to obtain permission to use copyright material.
Apologies are offered to anyone whose rights may have been unwittingly
infringed through error or omission.

