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FOREWORD
The Climate System Monitoring (CSM) project of the World Climate Data Programme
(WCDP) was initiated in 1984 following a recommendation of the Ninth Congress of the World
Meteorological Organization (WMO) in response to the occurrence of significant climate system
anomalies over the last few years associated with adverse impacts on the social and economic
activities of many countries. CSM is designed to provide Meteorological Services and other
national and international organizations with synthesized information on the state of the climate
system and diagnostic insights into significant large-scale anomalies of regional and global
consequence. A CSM Monthly Bulletin has been issued since July 1984.
This report, the second review of the Global Climate System, is based on the current scientific
understanding of the climate system and provides a basis for the monitoring of global change. Due
to deficiencies in the global observing system, the diagnostic analyses of cause-effect relationships
are preliminary for some regions and some climatic events or processes. It is hoped that the review
will promote further research and better observing systems that would lead to improved models of
the complex interactive processes occurring within the climate system. This report has been
compiled from readily available scientific literature: an extensive bibliography is provided at the
end of the report for further reading.
The eo-sponsorship of the CSM project by the Global Environmental Monitoring System
(GEMS) programme of the United Nations Environment Programme is gratefully acknowledged.

T. Potter
Director
World Climate Programme
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1. INTRODUCTION
Regional weather and climate are manifestations of the global climate system. The system
involves the atmosphere, oceans, land surface (including vegetation) and cryosphere all of which
interact in complex ways over a vast range of time scales. Comprehensive models of the complete
interactive system do not yet exist although much progress has been made in recent years in
advancing understanding of the feedback processes which, for example, provide the coupling
between atmosphere and oceans. Perhaps the single most important conclusion that has emerged
over the last few years is that tropical diabatic heat sources (and the tropical oceans) play a major
role in modulating the global general circulation. While this is not a startling discovery, it does
reflect a shift in the focus of meteorological thinking about the general circulation. In this report an
attempt is made to link regional anomalies to phases or states of the global climate system and
thereby provide information of potential value for future applications in climate prediction. The
period autumn 1984-spring 1986 is selected for emphasis as a sequel to the Review of the Global
Climate System for 1982-1984 issued by the World Meteorological Organization in 1985 (hereafter
referred to as the Global Climate System Review, 1982-1984) and to relate current scientific
hypotheses to recent topical climatic events. Extensive references are made, however, to historical
information in the form of data time series covering a substantially longer period of time. The
seasons are referred to by name or by their monthly abbreviations such as DJF for DecemberJanuary-February.

2. THE SIMPLIFIED PLANETARY
CLIMATE SYSTEM
Figure 1 is a schematic of a highly simplified model of the mechanisms that drive atmospheric
motions and climate. The straight arrows represent the energy coming from the Sun, of which
about 30% to 35% is reflected annually; the reflectivity is called the Earth's albedo. The wavy
arrows represent the outgoing planetary long-wave or infra-red radiation. The tropics are warm
because they receive more heat from the Sun than they emit as infra-red radiation, and the poles are
cold because they radiate more solar energy than they receive due to a greater average solar zenith
angle and the presence of more reflective ice and snow cover. This differential heating results in
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Figure 1: Schematic illustration of how the major
weather systems of the Earth are driven by the unequal heating between the Equator and the Poles. The
tropics intercept a much larger fraction of the incoming solar energy than do the polar zones, thus giving
rise to the motions that regulate the climate (from
S. H. Schneider and L. Ternkin, 1977).
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strong equator-to-pole temperature gradients-warm air rises in the tropics and moves polewards to
cooler regions until a state of quasi-equilibrium is reached. Were it not for the general circulation of
the atmosphere which conveys excess heat from low to high latitudes, the tropics would be much
hotter and the polar regions much colder than they are . Due to the rotation of the Earth , air motions
are more complicated than in the case of a simple convective circulation (e.g., a bonfire). As an air
parcel moves polewards , its radial distance from the axis of the Earth decreases and it takes with it
the fast rotational speeds of the Equator, thus providing the momentum that creates westerly winds
in the mid-latitudes. Similarly, the return flows in the lower layers of the atmosphere become
easterlies-hence the trade winds.
Due to the tilt of the Earth's axis , the zone of maximum heating shifts north-south during the
year so creating the summer to winter seasonal cycle-thus, the system is always changing whilst
attempting to reach an equilibrium. The availability of water, and the fact that it changes phase
from liquid to gas over typical atmospheric temperature ranges, enhances the coupling between the
atmosphere and the oceans and the land surface and much of the heat redistribution is via the
hydrological cycle, viz. the sequence: evaporation--clouds-precipitation (which releases latent
heat in the mid-troposphere)-runoff (see Figure 2).
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Figure 2: The global water cycle , showing estimates of contents of major reservoirs and rates of transfer between them .
Knowledge of water contained in the ground is particularl y poor; this fund amental parameter is known to only a factor
of 2 or perhaps 4 (from Global Change in the Geosphere-Biosphere , NRC , 1986) .

Ultimately , at any given location, weather and climate are consequences of differential solar
heating , flow instabilities, and interactions between the atmosphere and the underlying oceans ,
land surface (including vegetation) , and snow/ice cover. At longer time scales , climate fluctuations
influenced by changes in the radiation balance (solar input , effect of greenhouse gases and other
forcing factors) need to be taken into account. The picture on the back cover illustrates some of the
interactive processes which determine global and local weather and climate .
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3. TIME SCALES OF CLIMATE CHANGE
Weather on time scales from days to a few weeks largely occurs as a result of unstable
processes internal to the atmosphere. On longer time scales, seasonal to interannual to decadal, the
climate and its fluctuations involve feedback or interactive processes between the atmosphere and
external components of the climate system and changes in external forcing which determine
"boundary conditions". Typically, these external boundary conditions would include solar radiation at the top of the atmosphere, orbital properties and the solar constant and, also, such external
parameters as the size, mass and rotation rate of the planet. The injection of anthropogenically
produced radiatively active greenhouse gases (e.g., C0 2) may also be regarded as an external
forcing factor even though the gases reside within the terrestrial ecosystem.
The characteristic time scales over which possible causes of climate change take place are
summarized in Figure 3. The major challenge (and also obstacle) in theoretical meteorology is to
adequately describe in mathematical form the ranges of space scales (molecular to planetary) and
time scales (seconds to decades and longer) that apply to atmospheric motions, weather and
climate. Predictions of up to two weeks (the accepted limit of deterministic prediction) can be made
by integrating the equations governing the dynamics and thermodynamics of the atmosphere, using
specified boundary conditions. Beyond this time scale, the picture immediately becomes considerably more complicated, and it is necessary to predict also the boundary condition e.g., sea-surface
temperature, solar radiation at the surface of the Earth and land-surface properties.

1

1

PROBABLE RANGE (years)

Figure 3: The characteristic time scales over which possible causes of climatic change take place (from K. H. Bergman
et al., 1981).

Figure 4 provides a perspective of the order of magnitude of climatic fluctuations reconstructed
from a number of sources. For example, ocean temperatures and ice volume variations have been
obtained primarily from cores of ocean bottom sediment. Ratios of oxygen isotopes present in
fossils are an indirect measurement of the volume of the Earth's water that was frozen at the time,
and the ages of the fossils give a clue to the ocean temperatures prevailing at the time of formation
of the fossils (primarily marine plankton).
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MAIN TRENDS IN GLOBAL CLIMATE: THE PAST MILLION YEARS
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Figure 4: The main trends in global land temperatures for the last 23,000 years, in global ocean temperatures for the last
150,000 years, and in global ice volume for the last 850,000 years (from K. H. Bergman, 1983).

Particularly noteworthy in Figure 4 is that the maximum variation in global temperature is
about 10°C. Since the climax of the last continental glaciation some 18,000 years ago, the northern
latitudes have warmed by approximately l0°C. Glacial climaxes (especially intense or extensive
ice ages) occur about every 100,000 years and are followed in about 10,000 years by the warmest
of the interglacial conditions, such as those experienced some 6,000 years ago. The global mean
temperature over the last 6,000 years varied over a range of only about 2°C. Nevertheless the
variations were sufficient for mankind to consider the climatic effects dramatic, if not catastrophic.
The effect and impact of even comparatively small changes are striking. For example, historical
records of frosts, freezing rivers and harbours and droughts for Europe indicate that much of the
17th and 18th centuries were on average about 1°C cooler and somewhat drier than today. During
this period, sometimes referred to as the "little ice age", alpine glaciers extended farther down
mountain valleys than they do now.
The above should be appreciated when considering the effect of estimated climate change due,
for example, to increasing C0 2 and other radiatively active greenhouse gases. A 1°C or 2°C change
in global mean temperature is very significant bearing in mind the large regional weather anomalies
associated with such a change.
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4. TROPICAL-EXTRATROPICAL
INTERACTIONS
Theoretical meteorology describing the behaviour of the atmospheric global general circulation
hinged for many years on the notion that there could not be wave propagation between the tropics
and the extratropics. As recently as the mid-seventies, the hypothesis resulting from the zonally
averaged theories of latitudinal wave propagation (e.g., Charney, 1969; Mak, 1969; Bennet and
Young, 1971; Webster, 1973) referred to the apparent shielding of the tropics from the extratropics
by a "critical latitude" where the strength of the mean zonally averaged west-east wind component,
ii, matched the phase speed of the incident wave. For the typical synoptic scale waves of the
extratropics and the longer stationary and transient modes, the critical latitude occurs where ii is
very weak or negative (easterly).
Exhaustive studies of the northern hemisphere extratropics (e.g.·, Holopainen, 1978, 1983; Lau
and Wallace, 1979; Blackman et al., 1984, and others) led to the conclusion that the major
cyclogenetic centres were located slightly to the north of the mean jet maxima of the northern
hemisphere winter. Extending downstream are the major storm tracks. The eo-location of the jets
and transient cyclone activity during winter is lacking in summer. White (1982) speculated that this
was due to the suppression of baroclinic instability by the northern slopes of the major orographic
features of the northern hemisphere. Empirical studies were accompanied by the development of
parallel theoretical descriptions. In particular the local jet maxima have been found to correspond
to regions of maximum instability and thus were identified as the source of extratropical
disturbances.
The longitudinal dependent structure of the tropics received less attention, both diagnostically
and theoretically, until a few years ago. The strong variability in longitude, first described in a
systematic manner by Newell et al. in 1972, posed very basic questions: "Why is the tropical
atmosphere so bland and relatively featureless with weak zonally averaged velocity and temperature fields while, at the same time, possessing such a complex longitudinal dynamic structure?"
Seeking an explanation, theoretical studies suggested that the large-scale asymmetric structure of
the time-mean tropical circulation was the response of the basic easterly flow of low latitudes to the
forcing by the concentrated regions of latent heating, induced by the distribution of sea~surface
temperature in the tropics. The basic mode that describes the low latitude structure was shown to be
the atmospheric Kelvin wave although the. mixed Rossby-gravity wave was also thought to be
important in explaining the western part of the stationary response. The "Walker Circulation" (so
named by Bjerknes, 1969, but described as the east-west circulation by Krishnamurti, 1971)
represents the atmospheric realization of these theoretical equatorial waves. The features resulting
from heating centred along the equator (which shows only a small annual variation) are
complemented by the cross-equatorial flow driven by heating following the annual cycle of
insolation. Confined to the eastern hemisphere, where the great land masses reside and consequently the largest heating gradients, are the monsoons that dominate the zonally averaged
meridional flow, v. Again, this complicated cross-equatorial flow has been visualized in terms of a
simple Rossby-gravity mode that includes a cross-equatorial component (Gill, 1980; Webster,
1983).
Several years ago, Riehl (1954) observed that: "the intermittent appearance of high tropospheric westerlies in the Equator ... is a foreign thought in classical views of the general circulation.
Yet... [there is evidence]... that they do occur". He further suggested that "coupling at high
altitudes between the circulation of the northern and southern hemispheres promises to provide an
important link in the understanding of the fluctuations of the general circulation". Several years
later Murakarni and Unninayar (1977) noted that the region of maximum perturbation kinetic
energy (PKE) along the Equator during the winter (1970/1971) was located in the vicinity of
equatorial westerlies. It is only in the last few years that mathematical analyses have emerged
suggesting that the equatorial regions are open to interaction with the extratropics because of the
longitudinal variance of the basic flow (e.g., Webster and Bolton, 1982; Branstater, 1983; Karoly,
1983).
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Further substantiating evidence came forth after the recogmt10n of the El Nifio!Southern
Oscillation as a major phenomenon. Attempting to understand the response of the general
atmospheric circulation to sea-surface temperature anomalies such as those observed during an El
Niiio/Southern Oscillation event, numerical model simulation studies by Shukla and Wallace
(1983) and others, have shown that a standing wave-train in the extratropics occurs as a
consequence of anomalous tropical heating.
Since the early 1980s, and particularly during and after the major El Nifio of 198211983,
considerable attention has been directed towards observing and studying the effects of tropical heat
sources on the global general circulation. A consequence of this shift in the focus of theoretical and
observational meteorological studies led to the initiation in 1985 of a specific ten-year programme
called TOGA, standing for Tropical Ocean and Global Atmosphere programme, under the auspices
of the World Climate Research Programme. As the name implies, TOGA is specifically directed at
studying the interaction between the tropical ocean and the global atmosphere.

5. SIGNIFICANT LARGE-SCALE TEMPERATURE
AND PRECIPITATION ANOMALIES
(from autumn 1984 to spring 1986)
From late 1984 to early 1986, centred around the year 1985, the global climate system was
characterized by considerable variability and significant anomalies. Unlike the period 1982-1984,
however, the observed large-scale anomalies either did not persist for extended periods of time
(seasons to a year or more) or were not spatially extensive (i .e. , covering the major part of entire
continents). Significant large-scale temperature and precipitation anomalies for the November
1984-February 1986 period are highlighted in Figure 5 and Figure 6.

Figure 5: Principal temperature anomalies that persisted for a month or more during the period November 1984February 1986 (provided by K. H . Bergman , CAC/WMC-Washington D.C.).
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Figure 6: Principal precipitation anomalies that persisted for a month or more during the period Nove mber 1984February 1986 (provided by K. H. Bergman, CAC/WMC-Washington D.C.) .

6. THE TROPICS AND THE SUBTROPICS
Highlights of the tropical climate system environment during autumn 1984 to spring 1986 were:
• Non-El Niiio phase: Generally negative sea-surface temperature (SST) anomalies in the
equatorial central and eastern Pacific (along a zone 10°N to 10°S) during most of 1985.
Positive SST anomalies in the central and eastern Pacific during January-February-March
1986;

• Positive SST anomalies in the tropical western Pacific and Atlantic ;
• The relaxation of the protracted drought in eastern and southern Africa with back to near
normal conditions in most parts except the Botswana region;
• Improved rainfall in western Africa, compared with the 1982-1984 period;
• Pronounced tropical cyclone activity in the tropical eastern Pacific and western Atlantic ;
• Marked intra seasonal, eastward propagating, 30-60-day oscillations over the Indian Ocean ,
western and central Pacific; particularly well defined in January-February, May-June and
October-November 1985 and January 1986;
• Weaker than normal summer monsoon in the western parts of India .
13

6.1 The Pacific El Nino/Southern Oscillation (ENSO)
In the past the El Nino!Southern Oscillation phenomenon was generally regarded as a Pacific
Ocean basin event which had global effects, both in the tropics and the mid-latitudes, due to the
displacement of the primary tropical convective heat source away from the usual Maritime
Continent (Indonesia/western Pacific) region. El Nino originally referred to the winter (DJF)
warming of the ocean waters off the coast of Peru. Every two to seven years this warming
apparently spread to the central and eastern Pacific. The Southern Oscillation is a global-scale seesaw of surface pressure with centres of action around Indonesia, North Australia and the south-east
Pacific. The two phenomena were discovered and studied for decades as separate entities. Only
recently have they been recognized as linked parts of the atmosphere-ocean climate system-hence
the term ENSO for El Nino!Southern Oscillation.
The ENSO phenomenon is the most notable and pronounced example of year-to-year climate
variability. Major ENSO episodes, such as that which occurred during 1982/1983, lead to massive
displacements of the rainfall regions of the tropics, bringing drought to vast areas and torrential
rains to otherwise arid regions. The related atmospheric circulation anomalies extend deep into the
extratropics, where they are associated with unusual wintertime (DJF) conditions over regions as
far apart as the USA and New Zealand. Because ENSO is a global event, a strong occurrence leads
to the nearly simultaneous appearance of large climatic anomalies over many regions around the
world, as well as disruption of the marine ecosystem along the west coast of South America and
sometimes North America. Due to the enormous socio-economic impact of ENSO episodes, the
key questions are:
• What events trigger an ENSO?
• What are the precursor conditions that would warn of a forthcoming event?
Numerical modelling studies that followed the massive ENSO in 1982/1983 supported the
hypothesis that the anomalous heating of the tropical atmosphere, particularly in locations
substantially displaced from normal, essentially altered the global climate by modifying the
tropical train of E-W overturning Walker-circulation cells. The effect on the mid-latitude
circulation was attributed to the generation of a forced wave-train induced by tropical diabatic
heating much like an obstacle in the path of moving water in a river, but modified by the rotation of
the Earth (Coriolis force); namely there is a stationary wake with standing waves that impose a
signature on the basic flow pattern.
Using the knowledge gained from studying all past ENSO events for which data are available,
including the 1982/1983 ENSO, and supported by numerical computer model simulations of the
atmosphere-ocean coupled system, it is now believed that the general conditions that precede an
ENSO by a few months are:
• The slackening of the Pacific trade-wind system with westerlies (for strong events) or
westerly anomalies first appearing in the western Pacific and increasing in magnitude and
areal extent;
• Rising surface pressure in the maritime continent area (e.g., Darwin pressure) and falling
surface pressure in the central and eastern Pacific (e.g., Tahiti); hence the Southern
Oscillation Index (SOl) increases;
• The appearance of above normal sea-surface temperatures (SSTs) in the eastern Pacific that
persist beyond the normal wintertime annual warming (e.g., at Puerto Chicama, Peru);
• A surface ocean warming in the central equatorial Pacific, usually accompanied by a
movement of the zone of warmest waters from the western Pacific to the date line,
accompanied by a corresponding shift in "convective activity;
14
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Figure 7: Top : Time-longitude section of monthl y mean sea-surface temperature (SST) for 5°N-5°S for the period
January 1982-0 ctober 1985 . Bottom : Same as the top figure except for SST anomaly, clearl y showing the magnitude,
extent and duration of the SST anomalies during the 1982/83 ENSO (from CAC/WMC-Washington D.C.).
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• Falling sea-level in the western Pacific Ocean and rising sea-level in the eastern Pacific,
accompanied by changes in the near surface mixed-layer depth and surface ocean heat
content.
Compared with ten or even five years ago, ocean-atmosphere parameters over the Pacific, and
in fact the globe, are now monitored better than ever before. The further development of dataobserving and data-exchange systems has also been given a specific boost by the launching in 1985
of the TOGA programme of the World Climate Research Programme.
Recent studies (Barnett, 1984, 1985) of the surface wind fields, sea-surface temperature (SST),
precipitation and sea-level pressure in the tropical band extending ±30° of the Equator from Africa
to South America have led to the following hypotheses:
• The Southern Oscillation, El Nifio, and the monsoon system are all a part of one global-scale
phenomenon on an interannual time scale;
• In the sea-level pressure field the phenomenon appears to have a strong propagating
component that shows up first in the northern Indian Ocean and moves eastward into the
eastern Pacific;
• Similar signal propagation is found in the surface wind field and in equatorial precipitation
regions;
• In the surface equatorial wind field, the large-scale signal appears to take the form of a
forced atmospheric Kelvin wave. The mechanism driving this wave appears to be the latent
heat release associated with precipitation anomalies that are phase-locked to, and propagate
with, the surface-wind anomalies.
The long time scales associated with the phenomena are attributed to the slow interaction
between the zonal Walker and meridional Hadley cells and with ocean-atmosphere coupling.
Figure 7 clearly shows the magnitude, the extent, duration and relative stability of the 1982/1983
ENSO.
The coherence of low-frequency pressure variations is shown in Figure 8, where variability
with periods 18 months or less has been filtered out. The length of the vectors indicates the relative
magnitude of the signal at each grid point, whereas the direction of the vectors gives information
about lead and lag relative to an arbitrary reference point. Spatial phase in this case is referenced to
Darwin SL pressure, so the phase vector at Darwin points due north. Going from west to east, from
the equatorial Indian Ocean area to the equatorial central Pacific, the clockwise rotation of the
phase of the vectors suggests signal propagation.
Possible precursor conditions or processes have also been cited by Pazan and White (1986) who
used a combination of observational sea-level data and ocean dynamic height obtained from a
numerical model to detect signals that they state could not be seen using observational data alone,
due to the sparsity of the observing network. Using data for the 1979 to 1982 period, they report
that off-equatorial Rossby wave activity propagated towards the western boundary of the Pacific
basin, starting in 1981. This also occurred in the model dynamic height both north and south of the
Equator. Neither sea-level observations nor observed dynamic height has the spatial and temporal
resolution to establish a connection between the off-equatorial Rossby wave activity and the
equatorial Kelvin-wave activity in the western boundary region. On the other hand, the model
dynamic height does have this capability. At the western boundary, the model Rossby-wave
activity was found to have excited coastally trapped Kelvin-Munk wave activity that transmitted
the sea-level anomaly equatorward. At the Equator, this coastally trapped model wave activity
excited eastward propagating Kelvin waves, yielding a pair of anomalous peaks in dynamic height
variability in the eastern equatorial Pacific associated with the 1982/1983 ENSO. This interesting
hypothesis, which suggests a precursor condition well in advance of the onset of the ENSO, clearly
needs to be researched and verified with more case studies.
16
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Figure 8: Spatial phase vector resulting from a complex empirical orthogonal function (CEOF) analysis of a near-global
sea-level pressure data set (from Barnett, 1985) .

6.2 ENSO and world-wide regional precipitation response
Preliminary relationships between ENSO and precipitation in many regions of the world were
noted during the last two major ENSO events, namely the 197211973 and the 1982/1983 ENSOs .
The Global Climate System Review, 1982-1984 , described these relationships and attempted to
identify physical mechanisms that were associated with the observed precipitation anomalies.
Ropelewski and Halpert (1986) substantially expanded previous results by placing the regional
responses into a global framework and by providing a consistent methodology for the definition of
the geographical regions and the temporal phase of the ENSO-related precipitation response. In
addition to the clearly defined Pacific Ocean basin precipitation patterns that could be directly
related to the ENSO, several other regions were identified which showed consistent ENSO-related
response. Specifically, four regions in Australia , two regions in each of North America, South
America, the Indian subcontinent and Africa, and one region in Central America were all found to
have a coherent ENSO-related response. In most of these regions , the "season" of the ENSOrelated response was found to be in phase with the normal annual precipitation cycle.
Figures 9 to 15 show the global nature of EN SO-related precipitation responses. The analysis
methods , outlined here , are described in detail in Ropelewski and Halpert (1986). In the first part
of the analysis, following Meisner (1976), monthly precipitation data at each station were
expressed as percentile ranks. The percentile ranks place station anomalies that have differing
statistics, i.e. , means and variances, on an equal footing, thus facilitating the interpretation of
precipitation patterns in regions that have large station-to-station differences in these statistics. For
each station, ENSO composites of the percentile ranked precipitation were formed for the 24month period starting with July preceding the ENSO episode, designated Jul (- ), and continuing
through June following the episode, designated Jun ( +) *. As many as 25 ENSO episodes were
included in the composite analysis for those stations with data extending back to 1875, but
harmonics were also computed for stations whose data span was as few as five ENSO episodes.
The composite for each station was fitted with a 24-month harmonic to identify the phase of the
maximum precipitation with respect to the idealized ENSO cycle-see for example Figure 9 for
stations in the Pacific basi n region ; the station harmonics are represented as vectors plotted on the
map. In the analysis, the phase of the vectors was identified with the positive part of the cycle, i.e .,
more than normal precipitation. The harmonic analysis of the composites can only identify regions
with a fairly simple ENSO-related signal . If the evolution of the ENSO episodes forces more than
one response, i.e ., more than one maximum or minimum , that response is not clearly identified in
':' The composite ENSO year ("0" year) is defined as beginning in Jan (0) . Thus above normal precipitation from
May (0) to April ( +) refers to above normal precipitation for a 12-month period from May of the ENSO year to April of
the following year (see Fig. 9).
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this analysis . A vector pointing to J ul (- 1) means that with respect to the El N iiio year centred around
Jul (0) rainfall was above normal 12 months earlier (see also the "clock" diagram inset in the figure).
This usually implies that rainfall was below normal during the ENSO year. To actually identify
whether precipitation was above or below or normal during the ENSO year, the composite ENSO
cycle precipitation percentiles for the region have to be looked at. Thus, in Figure 9 , ENSO-related
precipitation in the maritime continent area (i .e. the Indonesia-Papua New Guinea region) is below
normal after Jul (0) even though the vector points to above normal precipitation 9-12 months before.
The magnitude of the vector (length of the arrows) is proportional to the magnitude of the
ENSO-related precipitation response. Thus, in regions with small vectors, even though there may
be a coherent ENSO signature, the impact of ENSO is not strong, meaning that there should be a
weak bias towards above or below normal precipitation.
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Figure 9: Top: Amplitudes and phases of ENSO composite ranked precipitation plotted as vectors. The vectors are based
on a 24-month harmonic fitted to ranked precipitation composites for ENSO episodes. The phases and relative
magnitudes of these vectors are indicated by the "vector rose" in the figure . The harmonic vector "core regions"
subjectively identified for the Pacific basin as indicated in the figure are: (a)) central Pacific (CP), (b) south central
Pacific (SCP), (c) Indonesi a/New Guinea (ING), (d) Fiji/New Caledonia (FNC) , (e) Micronesia/West Pacific (MWP) ,
(j) Hawaii (HAW) . Areas of possible overlapping influence or where the boundaries are not well defined are indicated
by dashed lines. Middle: ENSO cycle composite precipitation for the core regions CP and ING as examples. Dashed
vertical lines indicate the "season" of most significant ENSO-related precipitation . Bottom: Precipitation (index) time
series for the Pacific basin core regions CP and ING (from Ropelewski and Halpert, 1986).
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Key ENSO-related regional precipitation responses as depicted in Figures 9 to 15 are:
• PACIFIC BASIN (Figure 9): Increased ENSO-related precipitation in the Central Pacific
(May (0) - April (+))and south central Pacific (June (0) - Jun ( + )) . Decreased precipitation
in Indonesia/New Guinea; Fiji/New Caledonia; Micronesia/western Pacific and Hawaiian
regions throughout much of the ENSO cycle. No regions are identified in the eastern Pacific
partly due to poor data coverage.
• AUSTRALIA (Figure 10): Dry ENSO-related conditions over most of the continent. The
composites for northern, eastern, and central Australia suggest that dry conditions may begin
fairly early in the ENSO composite cycle, namely Jan (0) to Feb (0), but the strongest
consistent responses do not assert themselves until Sept (0). The ENSO composite for the
mid-latitude southern Australia/Tasmania region suggests a much shorter period of ENSOrelated precipitation response, while south-western Australia does not show any clearly
defined response.
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Figure 10: Top: Same as Figure 9 , but for harmonic vector "core regions" in Australia: (a) northern Australia (NAU),
(b) eastern Australia (EAU), (c) southern Australia/Tasmania (SAT) , (d) central Australia (CAU) and (e) south-western
Australia (SWA). Middle: ENSO cycle composite precipitation for EAU and NAU regions-examples. Bottom:
Precipitation (index) time series for EAU and NAU regions (from Ropelewski and Halpert , 1986) .
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• iNDIAN SUBCONTINENT (Figure 11): Dry ENSO-related summer monsoon precipitation
June (0) to Sept (0) in northern, central and peninsular India, and wetter than normal ENSOrelated winter monsoon precipitation, Oct (0) - Dec (0), in extreme southern India, Sri
Lanka and Minicoy. The EN SO-related precipitation anomalies are consistent with the
results of several other studies relating the Southern Oscillation to monsoon precipitation
(e.g., Shukla and Paolino , 1983).
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Figure 11: Top: Same as Figure 9 , but for harmonic vector "core regions" in the Indian subcontinent: (a) continental
India (IND), (b) Minicoy, southern India, Sri Lanka (MSS). Middle: ENSO cycle composite precipitation for IND,
MSS. Bottom: Precipitation (index) time series for IND and MSS (from Ropelewski and Ha! pert , 1986).

e TROPICAL AND SOUTHERN AFRICA (Figure 12): The map of harmonic analysis
vectors for this region suggests two areas of markedly coherent ENSO-related precipitation
over tropical and southern Africa: greater than normal precipitation in the Oct (0) to Apr ( +)

20

period of the idealized ENSO cycle in equatorial eastern Africa (Kenya, Uganda, Rwanda,
Burundi, Tanzania). Many locations in this region have two rainy seasons roughly corresponding to the times of the Sun's equatorial crossings and the Oct (0) to Apr ( +) "season"
includes parts of both rainy seasons; drier than normal conditions associated with ENSO,
Nov (0) to May ( +) i'n the south-eastern African region which includes portions of all
African countries south of l5°S. Coherent ENSO precipitation relationships were not found
in the Sahel region by this particular analysis procedure, partly due to the long-term negative
trend in precipitation. Further, interannual variations in Sahelian rainfall have been linked to
Atlantic SST temperature anomaly patterns, and therefore ENSO precipitation relationships,
if they exist, would be difficult to separate from the Atlantic SST relationship .
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Figure 12: Top: Same as Figure 9, but for harmonic vector "core regions" in tropical and southern Africa: (a) equatorial
eastern Africa (EEQ) , (b) south-eastern Africa (SEA). Middle: ENSO cycle composite precipitation for EEQ , SEA.
Bottom: Precipitation (index) time series for EEQ , MSS (from Ropelewski and Halpert , 1986).
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e NORTHERN AFRICA, SOUTHERN EUROPE, MIDDLE EAST (Figure 13): Inconclusive
ENSO precipitation relationships. There appear to be two coherent areas, namely, northern
Africa/southern Europe and the Mediterranean!Middle East. A tendency towards above
normal precipitation is apparent in April (0) to Nov (0) over the northern Africa/southern
Europe region . The signal in the Mediterranean/Middle East region is ambiguous. The
ENSO relationships are unstable in time and it is unclear if the apparent relationships are a
spurious result of the empirical analysis method .
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Figure 13 : Top : Same as in Figure 9 , but for harmonic vector "core regions" in northern Africa , southern Europe and the
Middle East: (a) northern Africa-southem Europe (NAS) , (b) Mediterranean- Middle East (MME). Middle: ENSO
cycle composite precipitation for NAS , MME . Bottom : Precipitation (index) time series for NAS , MME (from
Ropelewski and Halpert , 1986).
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• SOUTH AMERICA (Figure 14): The map of harmonic vectors indicates two areas of likely
EN SO-related precipitation; below normal ENSO precipitation in Jul (0) to Mar ( +) over
north-eastern South America, and above normal precipitation Nov (0) to Feb (+)over southeastern South America. Data were insufficient for an analysis of the Ecuador/Peru region
which has a well-documented ENSO response. Data were also insufficient for a detailed
analysis of the Amazon region of Brazil.

Figure 14: Left: Same as Figure 9 , but for harmonic
vector "core regions" in South America: (a) northeastern South America (NSA), (b) south-eastern
South America (SSA). Middle: ENSO cycle composite precipitation for NSA , SSA. Bottom: Precipitation (index) time series for NSA , SSA (from
Ropelewski and Halpert , 1986) .
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e CENTRAL AMERICA AND THE CARIBBEAN (Figure 15): A core region of ENSOrelated precipitation extends from southern Mexico and Guatemala southward into Panama
and eastward into the Caribbean. This Central American/Caribbean (CEN) core region is in
close proximity to areas of demonstrated ENSO-related precipitation regions. The CEN
region shows the lowest coherence (0. 77) of any discussed in this section and were it not for
its close proximity to other regions of consistent ENSO response, it would not nave been
considered. A consistent dry tendency , however, is apparent.

•

I

Figure 15: Top: Same as Figure 9 , but for harmonic vector "core regions" in central America and the Caribbean (CEN).
Bottom: ENSO cycle composite precipitation for CEN (Left). Precipitation (index) time series for CEN (Right) (from
Ropelewski and Ha1pert , 1986).

Other parts of the world also show ENSO precipitation relationships, but they are not as
consistent or coherent as the relationships highlighted above . For example , extremely dry
conditions were associated with the 1976 episode in the western USA, while anomalous wet
conditions occurred in conjunction with the 1982 episode. Mid-latitude precipitation generally
seems to have an ENSO link along the south-east coasts of all the major land masses of the globe
except Asia . The table below (from Ropelewski and Halpert, 1986) is a summary of EN SO-related
precipitation for selected regions in the world .
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REGION

SEASON

COHERENCE NUMBER OF EPISODES
Dry
Total
Wet

PACIFIC BASIN
Central Pacific
South Central Pacific
Indonesia!New Guinea
Fiji/New Caledonia
Micronesia!W. Pacific
Hawaii

May (0)-Apr ( +)
Jul (0)-Jun ( +)
Jun (0)-Nov (0)
Oct (0)-Mar ( +)
Oct (0)-May ( +)
Nov (0)-May ( +)

0.98
0.88
0.82
0.95
0.91
0.88

8
8
25
11
13
11

7
8
5
2
1
2

1
0
20
9
12
9

AUSTRALIA
Northern Australia
Eastern Australia
S. Australia/Tasmania
Central Australia

Sep (0)-Mar ( +)
Sep (0)-Feb ( +)
May (0)-0ct (0)
Mar (0)-Feb ( +)

0.95
0.89
0.94
0.86

26
26
24
26

4
6
6
7

22
20
18
19

INDIAN SUB-CONTINENT
India
Minicoy/Sri Lanka

Jun (0)-Sep (0)
Oct (0)-Dec (0)

0.86
0.92

26
26

5
21

21
5

TROPICAL AND SOUTHERN AFRICA
Oct (0)-Apr ( +)
Equatorial east Africa
Nov (0)-May ( +)
South-east Africa

0.93
0.90

12
22

11
5

2
17

SOUTH AMERICA
North-eastern SA
South-eastern SA

Jul (0)-Mar ( +)
Nov (0)-Feb ( +)

0.91
0.82

17
19

1
18

16
1

CENTRAL AMERICA
C. America/Caribbean

Jul (0)-0ct (0)

0.77

19

5

14

Apr (0)-0ct (0)
Oct (0)-Mar (0)

0.80
0.93

11
22

Dec (0)-Mar ( +)
Oct (0)-Mar ( +)

0.89
0.92

20
25

9
18
Warm
15
5

2
4
Cold
5
25

NORTH AMERICA
Precipitation
Great Basin
Gulf and N. Mexico
Temperature
North-west NA
South-east US

6.3 El Nifwlnon-El Nifw or ENSO/non-ENSO phases
The non-El Nifto phase, also called La Nifta by Philander, is definitely not as well defined as,
nor the mirror image of, an El Nifto. Experiments with general circulation models (GCMs) indicate
that changes in the sea-surface temperature in the tropics result in changes in the heating of the
atmosphere and hence in the Southern Oscillation (Lau, 1985; Manabe and Hahn, 1981; Lau and
Oort, 1985). There also appears to be some evidence that the atmosphere gains heat from the ocean
during an El Nifto. In contrast, during the non-El Nifto phase equatorial central and eastern Pacific
SSTs are generally below normal, though these negative anomalies rarely attain the magnitude of
the positive anomalies during an El Nifto. During this phase, the large-scale Pacific tropical
convective zone is more or less in its climatologically normal position (e.g., over the maritime
continent).
25

Unlike a warm SST anomaly in the central to eastern Pacific, a negative anomaly does not force
the atmosphere into an anomalous circulation state of reversed sign, because there is no counterpart
mechanism whereby atmospheric cooling is induced. During an El Nifw, only a small fraction of
the heat released to the atmosphere is via direct heat flux from a warmer ocean surface. In fact most
of the heating results from increased surface moisture convergence in areas of anomalously warm
SST, which leads to the development of deep convection and the release of latent heat of
condensation in mid- to upper-tropospheric precipitating clouds. Thus to some extent the anomalously warm ocean plays a catalytic role in the hydrological cycle and the thermodynamic
mechanisms that force the atmospheric circulation. In contrast, while an anomalously cool ocean
surface would tend to cool the air overlying the ocean surface, it cannot produce mid-tropospheric
cooling in areas where convection is normally non-existent or weak such as the central and eastern
Pacific. It could however affect the position of the ITCZ, enhance subsidence and suppress local
shallow trade-wind convection.
Wyrtki (1985) defines the non-EZ Nifio phase as the period taken for the heat stored in the
tropical ocean to be recharged. According to him, a fast-moving, turbulent atmosphere with no
lateral boundaries acts on the ocean largely by the transfer of momentum. In contrast, the slowmoving ocean is confined by extensive meridional boundaries and acts upon the atmosphere
chiefly by the transfer of heat. Consequently, meridional transports of heat in the ocean are
predominantly accomplished in meridional flow, whereas in the atmosphere they are accomplished by large-scale horizontal turbulence. A recognition of these basic differences between
the ocean and the atmosphere explains the genesis of the El Nifio and the Southern Oscillation.
During periods when the atmospheric circulation in the tropics is developed with normal
strength, the trade winds push warm water toward the west and cause it to accumulate in the
western Pacific both north and south of the Equator. This is a long process that could last several
years until a significant amount of warm water is accumulated, accompanied by a depression of the
thermocline and by an increase of temperature in the mixed layer. Small, short fluctuations of the
trade winds will have little effect on this long-term accumulation of warm water. There would be
no such accumulation if the ocean were not bounded laterally.
Random fluctuations of the atmospheric circulation over the tropics will some time later
lead to a relaxation of the trade-wind field, which is sufficiently widespread and long enough to
allow the triggering of a Kelvin surge, namely a massive eastward displacement of the
accumulated warm water along the Equator. The displacement of warm water from the western
to the central and eastern Pacific Ocean results in a shift of strongest convection and rainfall
from Indonesia to the central Pacific, and a modification of the atmospheric circulation. This
displacement of the dominant convective zone assures a continued reduction of the area of trade
winds to the east of it and an area of westerly winds to the west of it (Rasmussen and Wallace,
1983).

The warm water surging to the east is deflected by the coast of America to both the south and
north, and is lost from the tropical ocean. This fact is evid~nt from sea-level observations and from
direct observations of heat storage (White et al., 1984).
During the 1982/1983 ENSO, starting in late June 1982, westerly winds over the western
equatorial Pacific became stronger and more widespread than normal and by July they reached the
date-line. The patch of anomalously westerly winds moved slowly eastward, covering most of the
equatorial Pacific in October and November 1982. This large patch of westerly winds initiated a
Kelvin surge of water along the Equator across the Pacific as seen in the map for July 1982 (Figure 16). The positive sea-level anomalies from Nuaru to the Line Islands indicate the crest of this
surge. By October 1982, the Kelvin surge had reached the coast of America and by December 1982
it had spread as far north as California and as far south as Chile. Sea-level of the western Pacific
was down to 25 cm below normal.
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Figure 16: Anomalies of monthly mean sea-level in July 1982 , December 1982 , May 1983 and October 1983 in
millimetres (from Wyrtki , 1985).
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The 1982/1983 El Niiio, as defined by SST indices , ended by about December 1983 (Figure
17) . However, there was evidence suggesting that atmospheric readjustment to a more "normal"
state took some time , e.g., through much of 1984. The period late 1985 was thus in the loosely
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defined "Non-EL Nifw" phase . Sea-level pressures at Darwin and Tahiti were about normal as also
was the Southern Oscillation Index (SOl) (Figure 18) . Equatorial Pacific Ocean sea-surface
temperature (SST) anomalies were generally negative for most of 1985 and similar to the anomalies
in December-January-February (DJF) 1985 shown in Figure 19 . Associated with negative equatorial Pacific SST anomalies, there was some evidence of counter-Et Niiio circulation features . For
example, in Figure 20 the atmospheric circulation for DJF 1984/1985 shows, in the stream function
anomaly field, centres of low pressure replacing centres of high pressure which had characterized
the 198211983 ENSO winter; in particular, the Pacific-North America (PNA) anomaly pattern is
generally opposite in phase , though notably weaker. (See Global Climate System Review, 19821984, for further details.)
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Figure 20: Top : 200 hPa stream function , DJF 1984-85 (NMC fin al analysis). Winds are analysed on a 2 .5° grid and
interpolated to a 5° Mercator grid for computation of the stream function. Contour interval is I 0 m2 s- 1• This nondivergent component of the flow is directed along the contours with speed proportional to the gradient. The flow is
clockwise about centres labelled H and counterclockwise about centres labelled L. Bottom: 200 hPa stream function
anomaly , DJF 1984-85. Anomal y is computed from the wind departures from the 1968- 1983 base period monthl y
means . Contour interval is 5 X 106 m 2 s- 1 (from CAC/WMC-Washington D.C.).

6.4 The "Atlantic El Nifw" of 1984
Three times smaller than the tropical Pacific Ocean, the tropical Atlantic Ocean has shorter
adjustment time scales to atmospheric forcing. The basic physics governing the coupled atmosphere-ocean system being the same , the adjustment time is proportional to the time it takes
planetary oceanic waves to propagate across the basin . Due to its smaller size, unlike the tropical
Pacific Ocean , the Atlantic has almost no memory-the zonal slope of the thermocline along the
Equator , the density field and the intensity of the equatorial currents vary almost in phase with
seasonal changes in the wind field . Even outside the equatorial band, a near equilibrium response
of the tropical Atlantic Ocean is observed. The seasonal reversal of the north equatorial countercurrent is in phase with the seasonal excursion of the Inter-Tropical Convergence Zone (ITCZ) and
associated wind changes.
The above findings have emerged from numerical modelling experiments and from the
SEQUALIFOCAL experiment which has provided possibly the best tropical Atlantic basin-wide
data set, documenting the low-frequency response of the global oceans to wind forcing. A
significant difference between the Atlantic and the Pacific Oceans is that the Atlantic is a
meridional ocean and its tropical part is one of the principal meridional heat exchange regions of
the world ' s oceans and thus has an important influence on the Earth's global climate at long time
scales . Figure 21 shows the oceanic heat transport terms for the world's oceans, after Stommel
(1979) .
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Figure 21: The ocean mean heat transport in l0 13 W (from Stommel , 1979) .

An analysis of SST and surface winds in selected areas indicates that the non-seasonal
(interannual ) variability of SST in the eastern equatorial Atlantic (Gulf of Guinea) is highly
correlated with the non-seasonal variability of the zonal wind stress in the western equatorial
Atlantic . The correlation shown in Figure 22 implies the following : a negative (positive) anomaly
of the wind stress near the North Brazilian coast is followed by a positive (negative) SST anomaly
in the Gulf of Guinea about one month later. Furthermore, the correlation between the local wind
stress anomaly and SST anomaly in the Gulf of Guinea is considerably smaller , confirming
that remote forcing in the western equatorial Atlantic Ocean is affecting the eastern equatorial
Atlantic SST.
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In 1984 a warm event of unusual amplitude affected the eastern tropical Atlantic during the
relaxation phase of the 1982/1983 Pacific ENSO. It is conceivable that this could have been one of
the reasons why the global atmospheric readjustment after the 198211983 ENSO event was slow
and anomalous atmospheric circulation features were observed during much of 1984.
Ho rei et al. ( 1986) noted that during 1982/ 1983 ENSO, while the atmospheric circulation over
the tropical Pacific was experiencing an extraordinary departure from normal with a reversal of the
surface trade winds, the circulation over the Atlantic was in a "build-up" phase with stronger than
usual trade winds. As the atmospheric circulation over the Pacific returned to normal during 1984,
the trade winds over the Atlantic relaxed, followed by the warm 1984 " Atlantic El Niiio" .
Weakened trade winds, the southward displacement of the ITCZ and enhanced equatorial
convection are features common to both the Atlantic and the Pacific region during an El Niiio
(warm SST anomaly). However, several features are distinctly different. A major component of the
Pacific El Niiio is the east-west shift of convection from the maritime continent towards the dateline and the "see-saw" of surface pressure. In contrast, the observed changes in cloudiness over the
Atlantic are oriented primarily meridionally (Figure 23). Convective activity over the Amazon
Basin exhibited little east-west movement during 1984 and pressures were reduced nearly
uniformly across the South Atlantic. This is speculated to be due to the topographic or geographic
anchoring of the dominant convective heat source zone over the Amazon area. In comparison, the
Pacific convective zone over the maritime continental area, which is more than half water, is more
mobile and can move in response to anomalous changes in the wind and SST.
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Figure 23: Time-latitude plot of Outgoing Long-wave Radiation (OLR) averaged over the longitude band 20°W-35°W .
OLR values greater than 260 W m- 2 are shaded orange. OLR values between 220-240 W m- 2 are hatched and shaded
pale blue; values less than 220 W m- 2 are cross-hatched and shaded dark blue; <200 W m- 2 is shaded black (adapted
from Horel , 1982).

While the Atlantic El Niiio is considerably weaker, roughly one half to one third in magnitude
compared with the Pacific El Niiio , there are observed links with rainfall in the northern and northeastern parts of Brazil and the Sahel. Generally , anomalously warm South Atlantic SSTs favour
above normal rainfall in the western sector (north-eastern Brazil) and below normal rainfall in the
Sahel region and vice versa . Moura and Shukla (1981) found that March- May rainfall departures
from normal were positively correlated(= 0.7) with SST anomalies in the tropical South Atlantic
and negatively correlated (= 0 .5) with SST anomalies in the tropical North Atlantic .
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It is noteworthy that warm SST anomalies in the tropical Atlantic persisted during 1985 with
some fluctuations (Figure 24). The anomalies were about 0 .5°C to 1°C. Though somewhat weak in
magnitude , the SST anomalies in the Atlantic appear to influence significantly the latitudinal
location and intensity of the ITCZ. OLR patterns indicate that the Atlantic ITCZ in 1984 and 1985
was displaced southward of its 1983 position and that it was more active (Figure 23). The extreme
drought in the Sahel region of Africa in 1984 and the abnormally wet conditions in north-eastern
Brazil are attributed to the warm SST anomalies during the Atlantic El Niiio of 1984. Nobre ( 1986)
hypothesizes that a link could exist between fluctuations in Brazilian rainfall and Atlantic SST via a
teleconnection between the tropical and extratropical atmospheric circulations . For example,
enhanced convection over the Amazon region could result in a dynamically induced wave-train
emanating from the anomalous atmospheric heat source region which affects the Atlantic trade
wind system , surface wind stress and consequently Atlantic sea-surface temperatures. Altered
Atlantic SSTs would then influence the ITCZ surface moisture convergence and thus complete the
feedback loop by contributing to increased convection in some regions and dry anomalies in others.
More definitive research is required to establish the mechanisms involved in the above hypotheses.
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6.5 The aborted El Nifw of DJF 198511986
ENSO is influenced by the annual cycle , i.e., the trade winds normally slacken during the DJF
season and sea-surface temperatures off the coast of South America (around Peru) warm up.
During some years this anomalous DJF warming continues and spreads to the eastern and central
Pacific, setting off an ENSO event. On other occasions, the trade winds abruptly slacken and set
off a chain of oceanic events such as an off-season warming in the eastern Pacific, etc.
While conceptual and indeed mathematical models exist , many of which look promising for
future prediction purposes, the natural system , not unexpectedly , eludes simple explanation. Each
ENSO begins somewhat differently , though they all generally follow a similar evolution over a
period of 18-24 months.
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Ship and satellite observations over the waters west of Peru indicated that SSTs in the region
graduall y changed from below normal values in late 1985 to above normal values in January and
February 1986 . In February 1986 , this region of above normal SST expanded northward, then
westward along the equator to around l20°W. There was also evidence that positive SST anomalies
in the western Pacific showed signs of irregular eastward migration during December 1985February 1986. These features are highlighted in Figure 24, which shows SST anomalies for March
1986. Note the warm SST anomaly extending off the coast of Peru and northern Chile to the
equatorial central Pacific and the pockets of warm SSTs in the equatorial western Pacific. The time
evolution of SST anomalies in the Pacific Basin are further illustrated in Figure 25, which also
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shows the end of the 1982/1983 ENSO. Generally the observed warming in March 1986 was weak
(approximately 0.5°C) . During April-May 1986 the SST anomalies in the extreme eastern Pacific
along the coast of South America turned negative and sea-level pressures returned to near normal at
Darwin, Australia and Tahiti . Thus, the weak warming which appeared to be the incipient stage of
a 1986 ENSO event terminated in April. It should be pointed out , however, th at ENSO-like
weather patterns were observed for a short period in the Pacific, and that a recurrence later remains
a possibility.
Bowen ( 1986) reported that an ecological expedition to the Galapagos Islands observed El Niiio
conditions, including heavy rainfall in otherwise dry regions, enormous thunderstorms and
anomalous winds gusting up to 30 knots from the north. These events lasted about two weeks
(27 February-15 March) and then ceased , with more typical climatic events thereafter until
28 March when the expedition left the Galapagos Islands. They visited all major sea-bird nesting
sites and found an almost total nesting failure by blue-footed , red-footed and masked boobies.
Half-grown young were dying or extremely weak in their nests . Finch populations were very
depressed. Reports of sea-snakes (Pelamis) and Portuguese man-of-war jellyfish in Galapagos
waters also attest to the general warming of the sea in that region . Schreiber and Schreiber, who
have been following sea-bird populations since 1979 , also reported unusual conditions on
Christmas Island in February 1986: Christmas shearwaters and phoenix petrels were uncommon ,
with some nestlings present but few eggs . Masked boobies were present in low numbers. Great
frigate-birds were present in the usual numbers but the nesting season was late and few eggs had
been laid. Only six of 300 birds handled regurgitated , indicating that food (fish and squid) was not
readily available . Schreiber and Schreiber reported that conditions were El Niiio-like.
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Figure 26 : Top : Five- mo nth running mean
of the standardi zed mo nthl y 8SO hPa easterly wind ano maly averaged over the area
S0N-S 0S , l7S 0W-140°W . Values are standardi zed by the stand ard deviation of the
appropriate monthly mean. Indi vidual
monthl y means are scattered about the
curve approx imately O.S to 1 s. Middle: As
the top figure, except fo r the standardi zed
monthl y 200 hPa weste rl y wind anomaly
averaged over the area S0N-S 0S , 16S 0WII00W . Bottom: As the to p fi g ure , except
for the standardized mo nthl y anomaly in
o utgoing lo ng-wave radi ati o n over the area
S0N-S 0S , 160°E-160°W (fro m C AC/WMCWashin gto n D.C .) .

Based on the SST anomalies in the eastern Pacific and the coastal regions off Peru , it appears
that an El Nifio event of short duration took place. However , several other key indices did not
reflect incipient ENSO conditions. Figures 26 to 29 show the progress ion of several ENSO
monitoring parameters.
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The following points are noteworthy:
• Since about December 1983, Darwin and Tahiti sea-level pressures were in phase and just
below normal. The Southern Oscillation Index (SOl) was around normal even though some
positive and negative oscillatorydepartures were present ; this can be seen by refening back
to Figure 18 (bottom) ;
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• The 850 hPa wind indices did not show significant changes during 1984-1986 (Figure 26);
generally lower-level (850 hPa) equatorial easterlies averaged over 5°N-5°S were consistently above normal in the 160°E-120°W region (Figure 27);
• Central Pacific Outgoing Long-wave Radiation (OLR) was slightly above normal but did not
show much change since late 1984 (Figure 26, bottom and Figure 28);
• No significant changes were observed in the sea-level measured by a network of stations on
Pacific island countries and along the coasts of the Pacific Ocean continental boundaries.
Thus , there was no evidence of a change in the topography of the equatorial Pacific Ocean;
• No significant change occurred in upper layer volume (Figure 29) or near-surface oceanic
heat content. Upper layer volume in the tropical Pacific Ocean computed from sea-level
observations is a relatively new ENSO monitoring index (Wyrtki , 1986) . It appears that
upper layer volume slowly increases before an ENSO event and then , during the ENSO, the
equatorial Pacific loses substantial amounts of warm water towards higher latitudes .
At present ocean-atmosphere feedback and the dynamics of the coupled system are such that
the fo llowing results are consistently found in numerical model experiment studies:

• If the surface atmospheric wind anomalies such as those observed during an ENSO are
prescribed as boundary conditions to an ocean circulation model, the ocean responds by
producing an El Niiio-like sea-surface temperature anomaly;
• If sea-surface temperature anomalies (such as during an El Niiio) are prescribed as boundary
conditions to an atmospheric general circulation model , the atmosphere responds by
producing El Niiio-like anomalous circulation features .
It should be noted , however, that the above prescribed boundary forcing fields are those that
resemble the conditions of the mature stage of an ENSO. Given these, the model atmosphere and
ocean dynamics and thermodynamics appear to be consistent with one another. ThL' science of
modelling the atmosphere-ocean coupled system has not yet reached a stage where the time
evolution of the oceanic and atmospheric circulation from initial conditions prescri bed before the
event has been successfully simulated. As such, it should be fully appreciated that the ENSO
cannot yet be predicted. The task of predicting ENSOs will require a well-focused observational,
diagnostic and research effort over the next five to ten years. This is the major goal of TOGA .
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6. 6 African drought
During the last few years, particularly after the "continental-scale" drought in Africa during
1982-1984, substantial research has been done on the seasonal and interannual and longer timescale fluctuations of rainfall in Africa. In the early 1980s, and in fact during and soon after the
1982/1983 El Nifto, the first signs of linkage between deficient rainfall in Africa and the Pacific El
Nifto began to appear in scientific literature. The state of understanding of this linkage in 1984 was
covered in the previous Global Climate System Review, 1982-1984. Since then, detailed analyses
of rainfall data time-series and the application of new statistical techniques have led to the
conclusion that the relationships, not unexpectedly, are more complex than envisaged earlier.
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Figure 30: Time series of rainfall at selected stations in eastern and southern Africa. Also shown are cumulative totals
and normal climatological distributions for the corresponding time periods (from WMO/CSM-Monthly Bulletins;
prepared by CAC/WMC Washington D.C.).
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In 1985 , rainfall in most parts of Africa either returned to near normal (e .g. , north-eastern and
eastern Africa) or was substantially greater than the rainfall during the 1982-1984 drought period .
Figure 30 shows time-series of rainfall at selected stations in eastern and southern Africa . Figure 3 1, a time-series of a rainfall index (Lamb) computed from several stations in the Sahelian zone
of western Africa , which borders the Sahara on the south and traverses parts of Senegal , Gambia ,
Mauritania , Mali , Burkina Faso and Niger , shows that the 1985 rainfall was still below normal ,
although it was greater than in 1982-1984 . Preliminary information on rainfall in western Africa for
1986 indicates a rainy season , still below normal but better than 1985 as indicated by a dashed line
in Figure 31. The continuing below normal rainfall in western Africa is thought to be partly
associated with the warm sea-surface temperatures in the equatorial and tropical South Atlantic.
The positive SST anomalies in the tropical South Atlantic which occurred during DJF 198411985
and continued throughout 1985 are said to contribute to weakened low-level thermal gradients over
western Africa which could result in fewer squall lines, the major rain-producing system of the
region. Near-surface thermal gradients are , of course , only one of the many factors that ultimately
determine rainfall in this region. Other general circulation feature s which appear to influence
rainfall in the western African region are the upper tropospheric (200 hPa) easterly jet (which in
turn is linked to the Asian monsoon) , the El Nifw , and the lower tropospheric African easterly jet
around 700 hP a.
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Figure 3 1: Normalized precipitation anomalies in the Sahel, West AI n L· ~t t alt..: r Lamb , 1982 , 1985, Nicholson, 1976 ,
Stockenius, 198 1). Large arrows indicate intense El Niiw events, medium arrows indicate moderate El Nifi o and small
arrows weak El Niiio . Years with negati ve Southern Osc illation Index (SOl ) are also indicated . Value for 1986 is based
on preliminary data (updated from the Global Climate System Rev iew , 1982- 1984).

Several recent research studies have attempted to relate the persistence of the Sahel drought
with other climate system features. Extended droughts in West Africa are not a unique or a new
feature. Similar dry spell s in the past, e .g., in the 1820s, 1830s, 1910s, 1940s and the more recent
1970s and 1980s have been documented by Nicholson . The droughts of the 1910s, 1940s and
1970s are reflected in the flow of the Nile and the levels of Lake Victoria and Lake Turkana
(previously called Lake Rudolf) (Figure 32, right) . Variations in the level of Lake Chad (Figure 32,
left), one of the best long-term continuous records, also provide a quantitative calibration of many
other indicators of wet or dry spells as noted in chronicles, journals, diaries and other documents in
scattered archives surveyed by Nicholson (1979, 1980).
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Nicholson reports that from Mauritania eastward to Ethiopia cultural activities, landscape and
hydrological indicators suggest that relatively humid/wet conditions prevailed from the 9th to the
13th century in regions which are now semi -arid or arid. This is reflected in the Lake Chad curve. The
drought period of the 1820s and 1830s can be traced throughout much of the continent and seemed to
signal a general trend towards increasing aridity. The areas affected include present-day Senegal,
Mali, Mauritania, Burkina Faso, Chad, northern Nigeria, eastern Africa and the Ethiopian highlands, Zambia, Zimbabwe, Namibia, Botswana, Angola and the drier regions of South Africa. The
flow of the Nile was reported to have been very weak and Lake Chad virtually dried up, indicating a
Sahel drought episode as severe as that of the 1980s and of greater intensity than that of the 1970s.
Thus, it appears that very intense drought periods affect large parts of Africa, but the fluctuations in
southern and eastern Africa tend to be less severe than in western Africa and of shorter duration
(compare Figures 31 and 33). In view of the past five consecutive years of below normal rainfall in
the semi-arid zones of Botswana and the neighbouring regions of southern Africa (not shown in
Figure 33) rainfall in the region is being monitored closely to determine whether a sequence such as
that in the Sahel is occurring. However, preliminary reports for late 1986 suggest a recovery.
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Figure 33: Rainfall fluctuations in the Kalahari
(southern Africa) and East Africa 1901 to 1975.
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(from Nicholson and Entekhabi, 1985).

Newell and Kidson (1984) suggest, from a limited analysis of atmospheric conditions
accompanying dry and wet Sahel summers, that a contributory reason for the drier years may be a
weaker moisture-flux convergence into the West African sector of the Sahel. They found that the
lower tropospheric south-westerly winds were shallower and weaker in dry years, though near the
surface they tend to penetrate almost as far north in dry as in wet years. Also found was evidence of
slightly reduced upper tropospheric easterly flow over the Sahel in the dry years.
Folland et al. (1985) have recently shown that the persistently wet and dry periods in the Sahel
are accompanied by near global-scale patterns of sea-surface temperature anomalies.
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Figure 34: Left: Sea-Surface Temperature (SST) anomalies (relative to 1951-80) for the northern hemisphere excluding
the northern Indian Ocean (--) and for the southern hemisphere with the northern Indian Ocean (---). Plotting is
against end date of 10,25-year triangular smoothing filter. Right: As top figure but for the North(--) and South(---)
Atlantic (from Folland et al., 1985).

Figure 34 (left) shows that after about 1970, a marked warming of the southern hemisphere
oceans took place while the northern hemisphere sea-surface temperatures fell slightly. The
Atlantic Ocean (North and South) SST fluctuations correspond to those of the northern and
southern hemisphere oceans as a whole (Figure 34, right). The northern Indian Ocean tends to
warm up roughly in phase with the southern hemisphere as a whole. Figure 35 (top) shows the
fluctuation in SST anomaly difference between the southern hemisphere (with the northern Indian
Ocean) and the northern hemisphere oceans (excluding the northern India Ocean). There is a
general correspondence with the rainfall fluctuations in the Sahel (Figure 35 bottom), with wet
(dry) periods in the Sahel apparently associated with negative (positive) anomalies in differential
(SH-NH) ocean SST. Experiments with an 11-level atmospheric general circulation model (Folland
et al., 1985) lend support to the hypothesis that SST anomalies could modulate Sahel rainfall,
partly through changes in the moisture-flux convergence in the region. The effect of warmer SSTs
in the southern hemisphere on low level saturation mixing ratio, which would increase the local
moisture flux, is considered to be much less important than the impact of the SST anomalies on the
dynamics of the tropical atmosphere.
Numerical simulation studies by Sud and Smith (1986) using the NASA-GLAS climate general
circulation model looked at the possible effects on the atmosphere of a reduction in surface
roughness (e.g., when vegetation substantially decreases and a desert forms). Their results showed
that, apart from affecting moisture convergence, the low bulk transport coefficients of a desert lead
to enhanced long-wave cooling and sinking motions in the atmosphere which together reduce
precipitation by the mechanism initially proposed by Charney in 1977, namely, albedo feedback in
desert border regions.
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Figure 35 : Top: Sea-Surface Temperature anomaly differences-southern hemisphere minus northern hemisphere . The
southern hemisphere included the Indian Ocean and the northern hemisphere excluded the Indian Ocean in this analysis.
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The importance of the feedback effect of evapotranspiration (which has a direct dependence on
soil moisture) on rainfall has been intuitively recognized for a long time. However, attempts to
verify it by measurements have led to confusing and somewhat misleading results. Recently , many
general circulation model simulation studies have been performed to investigate the role of soil
moisture in circulation and precipitation. It is now generally accepted that soil moisture has a
strong influence on evapotranspiration, cumulus convection, rainfall, climate and the mean
monthly atmospheric circulation. This feedback can , however, be complex, depending on the
season and the structure of the anomalous forcing (Sud and Smith, 1985).
Notwithstanding the promising results of GCM studies, it must be pointed out that in the Sahel
area there appears to be little corroborating observational evidence of changes in albedo or
decreased evaporation. Clearly these are subject areas which warrant further observational and
numerical modelling studies.
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6. 7 Thirty-sixty day intraseasonal oscillations

Quasi-periodic variations with periods of about 30-60 days were first observed in tropical
meteorological parameters by Madden and Julian (1971). They characterized these oscillations as
being primarily variations in the zonal wind and mass fields that exhibited a definite phase
propagation eastward and poleward in the tropical Indian and Pacific Ocean regions. It was also
hypothesized that the oscillations were caused by eastward propagating bands of enhanced moist
convective activity. Research interest in the 30-60 day intraseasonal oscillation lay quiescent for
several years until, with the impetus provided by the El Niiio!Southem Oscillation phenomenon,
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there has been a renewed and intense interest in intraseasonal oscillations. These oscillations are
currently thought to be a global feature , a sort of resonant vibration in the tropical atmosphere
which plays an as yet undefined role in the triggering of the El Nifio!Southern Oscillation , the onset
and break of monsoon activity, and (via mid-latitude teleconnection) in the circulation patterns of
the extratropical mid-latitudes. Fluctuations on this time scale have also been observed in the
changes in atmospheric angular momentum (Anderson and Rosen, 1983).
In 1985, intraseasonal oscillations were particularly pronounced. Figure 36 shows clear signs
of eastward propagating intraseasonal 30-60 day oscillations in the 250 hPa velocity potential
anomaly fields , generally originating in the Indian Ocean/South-East Asia region , but with
maximum amplitude in the Indonesian area. Activity was particularly strong during Jan-Feb , MayJune , Oct-Nov 1985 and Dec-Jan 1985/86. Interestingly , these were roughly the periods of either
pronounced mid-latitude blocking activity or enhanced troughs/ridges with strong meridional flow.
The relationship may however be coincidental rather than one forcing the other. Strong oscillations
also occurred during the year which preceded the 1982/83 ENSO .
Based on extensive data analysis and theoretical and modelling studies, Madden (1986)
constructed a schematic of the 30-60 day disturbance , shown in Figure 37. In the figure , the centre
of the region of anomalous convection is shifted approximately 2.5° into the summer hemisphere.
This is consistent with observations of the OLR anomaly field whilst the anticyclone drawn in the
summer hemisphere is consistent with theoretical studies . The whole complex appears to be
strongest during DJF , increasing in intensity as it propagates from the Indian Ocean to the central
Pacific, where it weakens.
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Based on 10 years of data analysis , Weichmann et al. (1985) developed a model of the 30-60
day intraseasonal oscillation. The relationship between the OLR (convection) anomaly and the
upper tropospheric (250 hPa) circulation at a time of simple structure in the 30-60 day life cycle of
the intraseasonal oscillation is shown in Figure 38 . The figure depicts , in schematic form , the
favoured pattern when cloudiness is propagating eastward from 60°E to 140°E , i.e. , from the
Indian Ocean to the western Pacific. The opposite pattern to Figure 38 becomes established as
cloudiness pushes to the date-line and an anomalously clear region propagates eastward from 60°E
to 140°E.
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Figure 38: Schematic of the relationship between Outgoing Long-wave Radiation (OLR) and 250 hPa circulation at a
time of simple structure in the 30-60 day life cycle of the intraseasonal oscillation (from Weickmann , Lussky and
Kutzbach , 1985).

The circulation anomaly , in response to the 30-60 day oscillation in anomalous convection, is
dominated by a wave-number 1 pattern consistent with a forced Kelvin wave structure . The
circulation anomalies consist of local subtropical anticyclones flanking the anomalous OLR heat
source-the equatorial convective zone and subtropical cyclones downwind to the east. The
subtropical circulation anomalies extend poleward to near 35°- 40° north and south of the Equator.
An eastward progression of the northern hemisphere subtropical cyclone from the western Pacific
to Central America is accompanied at mid-latitudes by an eastward progression of easterly
anomalies from the Pacific to the Atlantic Ocean. At a certain stage in this evolution , specifically
when increased cloudiness is near 120°E, the mid-latitude easterly anomalies are accompanied by a
contraction of the 250 hPa circumpolar vortex in the region from the central North Pacific across
North America to Europe. Transition to the opposite phase of the tropical circulation anomalies
begins when the clouds reach 140°E and is complete when they develop beyond the date-line.
Simultaneously, the extratropical circulation also undergoes a phase reversal including the
expansion of the circumpolar vortex toward the western hemisphere as anticyclonic anomalies
develop over the subtropics of the Pacific and Atlantic Oceans.
A major question concerning the observed intraseasonal oscillation is the cause of the 30-60
day period. Chang (1977) proposed a mechanism whereby the time scale arises from stochastic
excitation of a zonal wave-number 1 equatorial Kelvin wave. He showed that for a particular
choice of dissipation parameters, the mechanism could provide a possible explanation for the
oscillation as a Doppler-shifted travelling wave. Recently , Webster (1983) constructed a model
where monsoon variations in this time scale result from surface hydrological effects, and Anderson
(1984) reported a possible explanation that derives its time scale from the advective time scale
associated with a " Hadley cell" type background circulation . Goswami and Shukla (1984) have
observed oscillations with these time scales in a zonally symmetric general circulation model ,
where the advection of moisture by the Hadley circulation may have been an important effect.
Simmons et al. (1983) suggested a mechanism where periods in the 45-day range can result from
an unstable barotropic mode of the upper level winds. A specific point of interest is whether
monsoon fluctuations are linked to the 30-60 day oscillations , particularly since the OLR anomalies
appear to originate in the Indian Ocean. The presence of the oscillation during all parts of the year
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indicates that the 30-60 day variations exist independently of the monsoon circulations but they
could, conceivably, exercise a modulating effect on the monsoons. Relationships with the El Nifio!
Southern Oscillation are unclear, but Anderson and Stevens (1984) note that the oscillation's
amplitude was above its mean value during the 1956/57, 1972173 and 1976177 ENSO events; the
large amplitudes appear to last two to three years, however, which is generally longer than the
·
duration of the Pacific ENSO events.

6. 8 The monsoon system
The word "monsoon" has an ancient and debatable etymology that many authorities have
already tried to unravel; some trace its origins to the Arabic mausim meaning season. All agree,
however, that the central meaning incorporates seasonality with surface winds flowing persistently
from one quarter in summer and just as persistently from a different quarter in winter (Ramage,
1971). Implied is a corresponding change in the direction of the surface-pressure gradient and the
prevailing weather.
Though popularly associated with the Indian monsoon, the monsoon circulation is of global
scale and is primarily driven by the changing meridional thermal gradients from winter to summer
to winter, following the seasonal migration of the Sun's position relative to the Earth's Equator.
The monsoon constitutes the largest perturbation in the global general circulation during any given
year. Ocean surface temperature and land/sea temperature contrast, the position of the ITCZ, the
interaction with the trade wind system and tropical/mid-latitude feedback are all parts of the
processes which together determine the characteristics of the monsoon circulation.
As early as 1686, Halley described the northern hemisphere summer monsoon over South Asia
as a gigantic sea breeze phenomenon, on the scale of the Asiatic continent, modified by the rotation
of the Earth. While this basic model has its merits, the transition from winter to summer, which
defines the onset of the northern hemisphere monsoon, is considerably more complex in sequence.
The transition is most pronounced over continental regions such as equatorial Africa, the maritime
continent and South America (Murakami and Nakazawa, 1985). The transition may be regarded as
a response to changes in heat contrast between the winter and summer hemispheres.
The change in the convective systems (tropical heat sources) during the transition from the
northern hemisphere winter (DJF) to the summer (JJA) pattern is well depicted in Figure 39 which
shows changes in satellite-derived Outgoing Longwave Radiation (OLR) during February to June
1979 (the year of the Global Weather Experiment). The field of velocity potential at 200 hPa which
conveniently locates upper tropospheric centres of divergence (Figure 40) shows excellent
correspondence and confirms the reliability of OLR as a measure of tropical convective precipitation.
Using empirical orthorgonal functions to represent the temporal behaviour of the divergent
wind, Lorenc (1984) identified a planetary scale (mostly zonal wave-number 1) wave that
propagates from west to east in roughly 30-50 days. He also noted that the wave can be .identified
all year round. Krishnamurti et al. (1985) examined this wave in some detail by mapping it for all
of 1979, the year of the Global Weather Experiment (OWE) conducted as part of the Global
Atmospheric Research Programme (GARP). Figure 41 from Krishnamurti (1985) shows a time
sequence of charts which captures the propagation of 30-60 day time-scale patterns in the 200 hPa
velocity potential field. Note in particular that the centre of upper divergence which was around the
northern and north-eastern Brazil region about 1 June propagated slowly eastward over the
Atlantic, equatorial Africa (6 June), the equatorial Indian Ocean (11 June), the Indian region
(16 June) and moved over the maritime continent (26 June), the Pacific and back to the South
American region (by 11 July). Coincidentally, or otherwise, the divergent centre arrived over
south-western India around 14 June, close to the period of the commencement of rainfall over that
region.
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Figure 41: A seq uence of low-frequency charts of the 200 hPa velocity potential on the 30-50 day time scale. These are
based on the entire FGGE year of analysis ( 1979) (from Krishnamurti, 1985).

Predicting the onset of the monsoon has been a subject of considerable investigation for many
years. It is only very recently that 30-60 day (or 40-60 day) oscillations have been found
(observationally) to exist all over the globe, and, in both the tropics and the mid-latitudes, to play a
hypothetical role in determining the onset of the monsoon, over India for example, and conceivably, in modulating the monsoon circulation itself, e.g., monsoon breaks.
The interannual variability of Indian monsoon rainfall has been linked to the Southern
Oscillation Index (Shukla and Paolino, 1983) and with the ENSO. In Figure 42 (top), it is clear that
most of the severe drought years over India were also ENSO years. In fact, out of 26 ENSO
episodes over the last 110 years, 20 were drought or dry years and only six were wet years with
above normal rainfall. Figure 42 (bottom) shows that weak monsoon years are generally associated
with above normal Darwin pressure and consequently negative SOl, and vice versa. A comparison
(Chowdhury, 1985) between monsoon strength as determined by average rainfall over continental
India and its onset date over the southern tip of the sub-continent (i.e., Kerala) has shown that
exceptionally good monsoon years (normalized rainfall index value greater than 1.4) are associated
with an early onset date (31 May or earlier) and severely deficient monsoon years (normalized
rainfall less than -1.4) with late onsets (7 June or later). The relationship between onset dates and
monsoon rainfall needs to be examined further to draw firm conclusions.
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Points of interest in Figure 42 are as follows:
• The majority of the years from 1900 to 1920 were associated with below normal rainfall
(approximately 55% compared with 35% above normal and 10% normal-normal being
defined as years with rainfall within ± 0.20 a);
• From 1921 to 1941, the monsoon rainfall was variable-about the same number of years
were above, below and near normal;
• The majority of the years during 1942 to 1964 were associated with above normal rainfall
(approximately 65% compared with 17% below normal and 17% near normal);
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• Rainfall was variable from 1965 to 1985 but with a slight bias towards below normal rainfall
(approximately 45% compared with 35% above normal and 20% near normal).
If the above statistics and the general trends in Figure 42 are compared with those of Figure 31 ,
which shows rainfall fluctuation in the Sahel region , they appear to possess similar long-period
tendencies up to about 1965; namely, long-term dry and wet spells with normal or above normal
monsoon rainfall being associated with above normal Sahelian rainfall and vice versa. Dynamically, a relationship could be expected since the upper tropospheric easterly jet over East Africa has
its origin over the equatorial Indian Ocean as a result of the upper-level anticyclone thermodynamically anchored over the Tibet region. A weak monsoon circulation is usually associated
with a weaker easterly jet which reduces vertical shear over the Sahel region-one of the
requirements for the active formation of disturbances in that region.
Following in the wake of the 198211983 ENSO, the summer monsoon of 1984 was above
normal (though deficient in six meteorological subdivisions) and the monsoon rainfall of 1985 was
somewhat below normal over much of India, near normal over Pakistan, and above normal over
southern India-Sri Lanka (see Figure 43).
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Figure 43: Left: Composite showing the progress of the 1985 summer monsoon over South Asia. Right: Summer (JuneSeptember) rainfall over South Asia (from A. Chowdhury , India Meteorological Department , 1986).

6.9 Tropical Atlantic cyclone activity, ENSO and the Quasi-biennial Oscillation (QBO)
Atlantic cyclone activity and ENSO
Tropical cyclone activity shows considerable sensitivity to modulation in the global general
circulation between ENSO and non-ENSO periods. For example, during ENSO years, the Pacific
Walker (E-W overturning circulation) cell is displaced , with the ascending branch in phase with
maximum SST (and SST anomaly). The net result of this displacement is a global change in the
location of the train of intertropical zonal cells with local changes in the troposphere overlying the
tropical oceans, leading to a suppression of tropical cyclone activity in normally active areas.
Figure 44 shows that most, if not all, ENSO years were associated with low tropical cyclone
activity (measured by the number of hurricane days) in the Atlantic. The opposite is generally true
during non-ENSO years such as 1984 and 1985; 1982 and 1983 were marked by very low activity .
1984 was about normal (around 21) and 1985 (not shown in Figure 44) had particularly high
activity. Tropical cyclone activity was also high in the eastern equatorial Pacific during 1985.
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Figure 44: Number of Atlantic hurricane days (given at top of lines) in El Niflo and non-E/ Niiio years from 1900 and
1982 (from Gray , 1984).

The physical processes responsible for the suppression of Atlantic hurricane activity by ENSO
are described by Gray (1984) as follows: the enhanced deep cumulus convection associated with
the anomalously warm water in the eastern tropical Pacific results in anomalous upper tropospheric
(200 hPa) outflow circulation patterns, which produce enhanced westerly winds (or weaker easterly
winds) over the Caribbean and the western equatorial Atlantic region , thus creating conditions
different from non-ENSO years. An idealization of this process is shown in Figure 45.

•
Figure 45: Deviational upper tropospheric (200 hPa)
outflow wind patterns due to enhanced deep-cumulus
convection in the eastern tropical Pacific in moderate
and strong El Niflo years. These wind patterns are
hypothesized to result from anomalously warm eastern Pacific water. Numbers indicate locations of upper-air stations. (from Gray , 1984.)

These atypical upper tropospheric westerly winds that occur during ENSO years lead to a
situation in which seasonal 200 hPa anticyclonic wind flow over the Caribbean basin and western
Atlantic is significantly reduced from conditions normally occurring during non-ENSO years.
Figure 46 (left) shows anomalous easterlies in the equatorial South America-Atlantic zone during
ENSO summers . Gray suggests that for a large number of hurricanes to form and be maintained
through an active hurricane season it is necessary that the seasonal 200 hPa winds in the latitude
belt 0° -l5°N be from an easterly direction and that 200 hPa westerly winds be present in the
subtropical latitude belt 20° -30°N. Such seasonal climatological flow patterns are a necessary
background ingredient for individual pre-storm weather systems to develop into tropical cyclones
rather than remaining as travelling depressions and disturbances.
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Figure 46: Left: 200 hPa wind vector anomalies with isotachs for the three summer seasons following the onset of El
Nifw-type SST warming off the South American coast for the years 1969 , 1972 and 1976. Adapted from Arkin (1982) .
Shaded area shows speeds greater than 2.5 m s- 1 • Right: Vector differences (length proportional to magnitude , with
isotachs in m s- 1) of 200 hPa wind between 17 (summer , autumn , winter and spring) seasons with the SOl> 0.65 and
14 seasons with the SOl< -0.65. Stippled area shows speeds greater than 2.5 m s- 1 (from Gray , 1984 - adapted from
Arkin , 1982).

A positive correlation is also found between Atlantic hurricane activity and the Southern
Oscillation. Figure 46 (right) adapted from Arkin (1982) shows the 200 hPa wind differences over
the tropical Atlantic between 17 seasons with high SOl (>0 .65) and 14 seasons with low SOI
(< -0.65). The greater seasonal 200 hPa anticyclonic flow which is associated with high SOl
(shown by the cross-hatched region of the figure) should be conducive to higher values of seasonal
hurricane activity . The opposite wind patterns related to low SOl will lead (as observed) to a
suppression of seasonal hurricane activity. ENSO and SOl relationships also exist with tropical
cyclone activity in the north-west Pacific, south Pacific , south Indian Ocean and Australian
regions, but they are not so clear as in the case of the Atlantic region.
While a relationship exists between ENSO and Atlantic hurricane frequency , the relationship
between precipitation in the Caribbean basin region and ENSO is weak. An analysis of the last five
moderate and strong ENSO years , 1957, 1965, 1972, 1976, and 1982 showed that in general
precipitation is suppressed by only about 5% compared with non-ENSO years (Gray , 1984) . Thus,
it is nQt the number or intensity of individual west Atlantic rain-producing weather systems that are
altered during ENSO years, but rather the proximity of these rain-producing weather systems to
favourable large-scale environmental flow patterns which allow the weather systems to organize
themselves into tropical cyclones . The primary difference therefore is in the potential hazard to life
and property.

The Quasi-biennial Oscillation (QBO) and Atlantic cyclone activity
After an unusual period of protracted easterlies in 1984, the Quasi-biennial Oscillation (QBO)
became apparent as the stratospheric zonal wind reverted abruptly from easterly to westerly at
30 hPa between October and December 1984 (see Figure 47).
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Figure 47: Monthly mean departures from long-term (1951-1986) average for 30 hPa Balboa zonal wind (m s- 1) (from
CAC/WMC-Washington D.C.).
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Aside from externally forced diurnal and annual components and their harmonics, there is no
evidence of truly periodic oscillations in the climate system. However, the QBO in the mean zonal
winds of the equatorial stratosphere is perhaps the phenomenon which comes closest to exhibiting
periodic behaviour. Observational studies by Wallace and Kousky (1968) and the theoretical model
of Lindzen and Holton (1968) were perhaps the first studies to confirm that planetary-scale
vertically propagating internal gravity waves are the source of momentum for the QBO. According
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Figure 48: Vertical plot of stratospheric zonal wind from 1950 to 1982. Westerly winds are shaded. Top plot is from
Coy (1979) and bottom plot from information furnished by R. Quiroz (personal communication, 1982). Isolines in top
diagram are at intervals of 10 m (from Gray, 1984).
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to theoretical models, eastward moving gravity waves carry westerly momentum upward while
westward moving gravity waves should carry easterly momentum upward. If the westerly
momentum carried by that wave is absorbed in westerly shear zones and the easterly momentum in
easterly shear zones, the result in each case will be the propagation of the shear zone downward.
Due to the reasonable regularity of the phase of the QBO, several attempts have been made in the
past, often unsuccessfully, to relate the phase of the QBO with surface weather and climate.
Figure 48 shows the QBO from 1950 (earliest observations) to 1979. Gray (1984) investigated
the relationships between the QBO and the seasonal number of hurricane days from 1949 to 1982.
Hurricane activity is, in general, more frequent when the 30 hPa stratospheric winds are westerly
and less frequent when they are easterly (Figure 49). Disregarding ENSO years the average number
of hurricanes per year with 30 hPa westerly winds is 7.4, while for easterly winds it is 5.2.
The number of hurricane days per season for westerly 30 hPa winds is 34 and for easterly winds
18 days, a nearly two to one ratio. It is also observed that seasonal hurricane activity is related to
the temporal changes of the zonal wind during the hurricane season, i.e. seasonal hurricane activity
is enhanced when 30 hPa winds are becoming more westerly and suppressed when they are
becoming more easterly. Figure 50 portrays in idealized form the relative positions of the different
phases of the QBO in terms of maximum depths of stratospheric easterly and westerly winds and
associated positions of 30 hPa wind changes relative to typical maximum and minimum seasonal
hurricane activity. This figure should be compared with Figure 48.
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Figure 49: Relationships between 30 hPa stratospheric wind direction and seasonal number of hurricane days from 1949
to 1982. Years with no observation are those in which the 30 hPa zonal wind is changing direction or is very weak (from
Gray, 1984).

A careful analysis of tropospheric temperature and precipitation information from Caribbean
basin stations for all non-ENSO years since 1950 (for precipitation) and 1957 (for temperature)
showed that, though there is an apparent relationship between the QBO and the number of Atlantic
hurricanes, the actual differences in rainfall between the various classes of 30 hPa QBO zonal wind
categories were small. The three categories were: (a) non-ENSO years with the QBO in the
increasing westerly wind phase; (b) increasing easterly winds; (c) no change in zonal winds. The
precipitation differences between the three categories differed by less than ± 5%. Individual
monthly mean rainfall differences were less than ± 10%. Non-ENSO years were chosen because
ENSO years are dominated by ENSO-related precipitation responses. Mukherjee et al. (1985)
investigated relationships between the QBO and the Indian summer monsoon. They reported that
about 15% of the variability in rainfall over India during the summer monsoon is associated with
the pattern of the QBO.
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Figure 50: Typical variation of 1050 hPa stratospheric zonal wind
events when the 30 hPa westerly
winds are increasing in strength (vertical wavy lines in shaded region)
and in other cases when 30 hPa easterly winds are increasing in strength
(vertical wavy lines in unshaded region). These are the times when
the enhancement and suppression of
the QBO influence on seasonal
hurricane activity is observed to be
greatest (from Gray, 1984).
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The above observational results represent the first signs of the QBO having an influence on
tropospheric events. The dynamics of the relationships described above are not yet theoretically
established. However, there appears to be a growing awareness of the biennial variability of a
number of tropospheric phenomena. Brier (1978) hypothesized that a tropospheric QBO response
could be an expected consequence of the basic differences in atmosphere-ocean energy exchange
processes between successive northern hemisphere summer seasons.

Atlantic cyclone prediction

Gray (1984) utilized the apparently independent relationships between ENSO, the QBO and
Atlantic tropical cyclone activity to develop an empirical scheme to forecast seasonal hurricane
frequency and the number of hurricane days per season. It assumes a knowledge of the phase of the
QBO, the average April minus May sea-level pressure anomaly (SLPA) in the Caribbean basin
preceding the hurricane season, and whether or, not an ENSO is occurring and its intensity by
August of any particular year. The equation developed by Gray is rather simple:

No. of hurricanes per season = 6 + (QB0 1 + QB0 2) + EN + SLPA; where QBOb QB02 ,
EN and SLPA are correction factors that are assigned values as follows:
QB0 1 = + 1, if the 30 hPa zonal wind U (30 hPa) is positive (westerly)
= -1, if the 30 hPa zonal wind U (30 hPa) is negative (easterly)
= 0, if the 30 hPa zonal wind U (30 hPa) is changing phase
QB02 = + 1, if oU (30 hP a)/ 0t > 0 during the hurricane season
= - 1, if oU (30 hP a)/ ot < 0 during the hurricane season
= 0, if oU (30 hP a)/ ot changes sign during the hurricane season
EN

=
=
=

-2, for a moderate ENSO event
-4, for a strong ENSO event
0, for non-ENSO years
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SLPA = + 1, if SLPA < -0.4 hP a
= +2, if SLPA < -0.8 hPa
= -1, if +0.4 < SLPA < +0.8 hPa
= -2, if SLPA > 0.8 hPa
= 0, if -0.4 < SLPA < +0.4 hPa
Applying the above equation from 1950 to 1982, the average difference between the number of
predicted hurricanes and the number observed was ± 1.3 (range 0 to 3). In individual years, the
number of hurricanes varied from 3 to 10. Gray developed a similar equation to predict the number
of hurricane days per season.

7. THE EXTRATROPICS
7.1 The northern hemisphere extratropics
During 1985 the northern hemisphere extratropics were characterized by:
• Pronounced blocking activity in mid-latitudes December-January-February 1984/85 and
pronounced ridge/trough with marked meridional flow September-December 1985;
• Abnormally cold temperatures over parts of the USA and Europe December 1984, January
1985, November 1985; abrupt reversals in surface temperature anomalies over the USA and
western Europe from December 1984 to January 1985 to February 1985;
• Prolonged dry conditions in eastern USA from late summer 1984 to May 1985;
• Absence of blocking during most of spring 1985 and a stronger than normal subtropical ridge
from Japan across the Pacific and North America to the central Atlantic; relatively warm, dry
weather in the subtropics and mid-latitudes;
• Moderate blocking activity during summer 1985 and strongly amplified troughs and ridges
during autumn with below normal cold temperatures in parts of the USA, Europe and USSR/
Asia.
The pronounced northern hemispheric blocking during December 1984 is depicted in Figure 51. The abrupt reversal in the anomaly pattern from December 1984 to January 1985 is clear in
Figure 52. In December 1984 below normal cold temperatures were observed in the north-western
USA and southern USA and unseasonably mild conditions in eastern USA and most of Europe. In
January 1985, an intense Aleutian low developed, forcing the ridge eastward to the west coast of
North America where the pressure attained a value of +3a above normal. With the ridge in this
position, a deep trough (nearly - 3a) developed over the western Atlantic accompanied by a
southward collapse and weakening of the subtropical ridge that prevailed earlier. With the polar
blocking reaching its maximum in January 1985 the mean position of the westerly jet stream over
much of the northern hemisphere shifted sharply southward allowing the penetration of cold air to
lower latitudes. Eastern USA was abnormally cold as was much of Europe while conditions were
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Figure 51: 200 hPa geopotential height anomaly , December 1984. Base period is 1955-1978. Contour interval 2 dm.
Negative contours dashed (from CAC/WMC-Washington D. C .).

Figure 52: 200 hPa geopotential height anomaly , January 1985. Base period is 1955-1978. Contour interval 2 dm.
Negative contours dashed (from CAC/WMC-Washington D.C.).
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unusually mild over Alaska, western and· central Canada. Extreme cold temperatures returned to
Europe in February 1985 as a result of further blocking activity. Figure 53 shows the duration and
regional distribution of mid-latitude blocks from 1981 to 1985. In winter 1984/1985 the average
duration of blocking was 17 days (compared to 12 and 10 for 1983/1984 and 1982/1983) with a
maximum for an individual event around 49 days for the Pacific-North American region. In July
1985, strongly amplified ridges ( + 2a) over western North America and southern Europe resulted
in hot weather in those areas. The Pacific-North American anomaly pattern reversed in August
1985 with the amplification of a ridge south of the Aleutians (nearly + 2a). High pressure
anomalies (ridging) continued over southern Europe while an intense trough (- 2a) developed west
of the British Isles and Ireland in August 1985.
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Figure 53: Duration and regional distribution of blocks, 1981-1985, with number of blocks and average duration (days)
in each year (June-July). AE: Atlantic/Western Europe. PNA: Pacific/North America. NSU: Northern Soviet Union
(from Quiroz, 1986) .

. October to December 1985 saw a strongly amplified train of troughs and ridges from the western
Pacific to the eastern Atlantic. There were deep troughs over the western Pacific-western North
America and central Atlantic while deep ridges prevailed over the eastern Pacific, eastern North
America and western Europe. Most of these features, which were remarkably persistent for autumn,
had anomalies of2 to 3afrom the mean. As a result, the north-western part of the USA had its coldest
autumn in over half a century while the south-eastern sector had its warmest autumn in the same
period. The amplified ridge over the western Atlantic steered several tropical systems into the Gulf
and Atlantic coasts of the USA during the season: During November 1985, mid-winter-like
conditions with well below normal temperatures, accompanied by snowfall and blizzards, were
observed over western Canada, the USA and Europe due to the orientation of strong ridge systems to
the west of these areas. In summary, 1985 was marked by high blocking activity leading to extended
hot/cold or dry/wet periods. The precise reasons for this state of the general circulation are not fully
understood yet. Connections with fluctuations in tropical heat sources are being investigated.

7.2 The southern hemisphere extratropics
Highlights of the southern hemisphere extratropics were:
• Relatively high temporal variability;
• Evidence of an anti-ENSO circulation pattern during the southern summer (December-JanuaryFebruary 1984/1985) with negative height anomalies at mid- and low latitudes in the upper
troposphere which continued during May; this signature was less marked at lower levels;
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• Generally positive height anomalies in June-Ju1y-August 1985 at mid- and low latitudes,
evolving into a stronger meridionally oriented circulation in September-October-November
1985 with increased blocking-type ridges in the southern Indian, the South Pacific and South
Atlantic Oceans located around 45°S-60°S somewhat to the east of the continental land areas
of southern Africa, South America and Australia;
• Weak North Australian monsoon with a fairly prolonged break (2 January-18 February
1985);
• Prolonged drought conditions in southern Brazil, Paraguay, north-east Argentina (November
1985-March 1986).
Due to the lack of major land masses in the mid-latitude regions (40°-60°) south of the Equator,
the large-scale atmospheric circulation of the southern hemisphere is significantly different in
character from that of the northern hemisphere. In the northern hemisphere the major continents of
Eurasia and North America straddle the mid-latitudes and topographical and land/sea contrasts lead
to large amplitude quasi-stationary meanderings of the predominantly westerly flow in the
troposphere. In contrast, the absence of mid-latitude southern land masses leads to a tropospheric
flow which in the mean departs little from a purely westerly direction. On any given day, however,
the circulation pattern will display many small-scale weather disturbances travelling rapidly
eastwards. Despite the above differences in the character of the atmospheric circulation in the
southern hemisphere, the circulation in the mid-latitudes of both hemispheres are affected by (a)
the major tropical heat sources, namely over the maritime continent (south-east Asia-western
Pacific region), the Congo region in Africa and the Amazon region in South America; and (b) the
incidence and positioning of mid-latitude blocking activity.
Blocking action in the southern hemisphere causes the normally eastward moving weather
disturbances to be deflected for a time to the north or south away from the central blocked regions.
Regions under the direct influence of a blocking anticyclone experience relatively low rainfall
while a region under the influence of the low pressure centre, cut off from the main belt of
westerlies, receives high rainfall. The major subtropical land masses of the southern hemisphere
receive a substantial portion of their winter and spring rainfall from cut~off low pressure systems,
the tracks of which run typically along 30°-40°S. The dry blocking anticyclonic zones are generally
poleward of the continents though it is not uncommon for a high pressure ridge to extend into the
southern parts of the continents causing persistent dry conditions.
In many respects the southern hemisphere 1983/1984 summer (DJF) circulation was similar to
that of the 1982/1983 El Nifio summer, and for the most part was abnormally dry over southeastern Australia and parts of southern Africa and Latin America. While 1984 was closer to normal
than 1983, the southern hemispheric circulation displayed a slow recovery from the 1982/1983 El
Nifio.

To a degree the summer (DJF) anomaly circulation patterns of 1984/85 (Figure 54) were the
reverse of those during the summer of 1982/83 with generally negative anomalies in the low
latitudes in the upper troposphere. The onset of the summer (DJF) monsoon of 1984/85 at Darwin
during the second week of December was near normal, but the season was characterized by a
persistent break in the monsoon between 2 January 1985 and 18 February 1985 during which time
at Darwin low-level easterly winds prevailed. Seasonal rainfall was depressed across much of
northern Australia during this period.
During the southern hemisphere winter (JJA) 1985, subtropical areas around 30°-40°S were
relatively dry due to the alignment of trough/ridge systems. Figure 55 shows the 200 ·hPa
geopotential height anomaly field for JJA 1985. Note the positive height anomalies around the
southern continental areas of South America, Africa and Australia. In South America, the dry
anomalies noted from May to August 1985 were more persistent than over Australia. Drought
conditions especially affected southern Brazil, Paraguay, Uruguay and north-east Argentina during
the southern hemisphere summer from November 1985 to March 1986.
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Figure 54: 200 hPa geopotential height anomaly, DJF 1984-85. Base period is 1979-1983 . Contour interval 2 dm.
Negative contours are dashed (from CAC/WMC-Washington D.C.).

Figure 55 : 200 hPa geopotential height anomaly, JJA 1985. Base period is 1979-1983. Contour interval
2 dm (from CAC/WMC-Washington D.C.).
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8. POLAR STRATOSPHERIC SUDDEN WARMING
In December-January 1984/1985, a major northern hemispheric sudden warming event was
associated with the upward propagation of zonal wave number 2. In the stratosphere, the northern
polar vortex was split around 1 January 1985 (due to the transpolar merging of the Pacific and
Atlantic anticyclones) and a cold circumpolar vortex was not re-established until mid-February.
In the southern hemisphere, the major large-scale changes in the stratosphere occur in the
southern winter (April to November period). The gradual warming of the stratosphere culminated
in the reversal of the equator-South Pole temperature gradient (at 2 hPa) in late August and several
weeks later at lower stratospheric levels. A gradual weakening of the cyclonic vortex began in
September. An expanding anticyclonic circulation with associated easterlies became established
over the south polar region at upper stratospheric levels in early November and at middle
stratospheric levels by the end of November.

9. GREENHOUSE GASES
Beyond the periods of anomalous climate that result from the interaction of the components of
the Earth system, many scientists feel that there lurks in the background a much more dangerous
and insidious climate effect which may be readily growing and increasing its influence (Webster,
1985). This is the warming of the troposphere that may accompany a rapidly growing concentration
of carbon dioxide (C0 2) and other radiatively active trace gases, collectively called greenhouse
gases (GHGs). GHGs include chlorofluorocarbons, chlorocarbons, hydrocarbons (such as
methane), aldehydes, fluorinated and brominated species and other compounds of nitrogen (e.g.,
nitrous oxide), and sulphur, in addition to C02 and ozone (0 3). Of the GHGs, C0 2 is the most
abundant and hence the "C0 2 issue" caught the attention of the world a few years ago.
The greenhouse gases, together with water vapour, selectively absorb the heat of the Earth that
is radiated out to space at infrared and near infrared wavelengths. They are, in effect, the Earth's
insulators and are responsible for the Earth's benign climate and for its habitability. Without them,
the climate of the Earth would be far colder and certainly too harsh for survival of the biosphere in
its present form.
Webster (1985) points out that one of the most interesting aspects of C02 is its ubiquity in the
Earth's system. C02 should not be thought of as a passive constituent of the Earth's system, but as
an integral part of an evolving carbon cycle that involves the ocean and the atmosphere as well as
the biosphere. Man and his activities are key players in the evolution of the concentration of C02 .
Carbon dioxide is contained within a number of very large reservoirs between which two-way
exchanges exist. This is schematically shown in Figure 56 which summarizes, in gigatons (Gt), the
content of the four main pools of C0 2 and the fluxes between them in Gt/yr. These pools are within
the ancient biosphere where C0 2 is stored in fossil fuels and shale, within the oceans, and in the
atmosphere. The largest pool is within the oceans, where it is estimated there resides nearly 60
times the total atmospheric loading, i.e., 40,000 Gt compared with 700 Gt. Most of this carbon
dioxide is dissolved in the deep cold ocean. The arrows in Figure 56 indicate the exchanges
between the pools, and represent such processes as ocean out-gassing and in-gassing as the ocean
changes temperature through the year, and biospheric respiration of both green autotrophic plants
and heterotrophic plants that feed on the green plants or on the dead parts of plants.
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carbon cycle and the fluxes between them. The content of the pool is in gigatons (Gt) and the fluxes
between them in Gt yc 1 (from Tucker, 1981).
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Averaged over a period of time, all the exchanges nearly balance out, so that the content of
each pool remains constant, with one notable exception, the exchange between the fossil fuel pool
and the atmosphere. This arrow points in one direction only, and represents man's contribution to
the carbon cycle by the burning of fossil fuels. Thus emerge two very basic questions: (a) What is
the impact on climate caused by the increases in the atmospheric carbon dioxide? and (b) Will the
changes interfere with the contents of the great pools of C0 2 by for example changing ocean
temperature? The message is clear-to understand the total impact of C02 in the atmosphere we
require an intimate knowledge of processes in the oceans as well as the atmosphere, and at the
ocean floor as well as at the land surface. What is currently known, however, is that there is within
a changing carbon cycle the potential for gross effects on the Earth's climate and habitability.
Webster points out that the potential alone is sufficient cause for concern and for the development
of remedial strategies.
The emissions of C02 from anthropogenic sources are large enough to cause an estimated
doubling in C02 concentration in about 75 years. Figure 57 shows the variation in C02 from about
1850 to 2050. Between 1958 and the present, data are based on observations at the NOAA/GMCCMauna Loa observatory in Hawaii which has the longest observational record. The variation in C0 2
concentration between A.D. 200 and the present is determined from the carbon-13 content of tree
rings (shown at the upper left).
During the last decade several attempts have been made using numerical computer models to
determine the likely climatic effects of increasing concentrations of C02 . An evaluation of the
results of general circulation models of the climate system leads to the conclusion that the increase
in the global mean equilibrium surface temperature due to a doubling of C0 2 is between 1.5°C and
4.5°C. A potential warming of this magnitude is likely to have very large regional effects. Worldwide concern was sufficient to lead to the holding of the first international scientific assessment of
the C02 issue in Villach, Austria, in 1980, even though at that time the projected doubling was
expected to take almost 100 years.
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Figure 57: The variation of the concentration of atmospheric carbon dioxide between 1850 and 2050. Actual
observations constitute the record between 1958 and the present. The remainder of the curve is estimated. The variation
in carbon dioxide concentration between A.D. 200 and the present, as determined from the carbon-13 content of tree
rings, is shown in the upper left (from Webster, 1985).

Recently major attention has been directed at the cumulative effects of the other radiatively
active greenhouse gases which together with C02 could cause such a warming to occur much
earlier. At least 20 non-C0 2 greenhouse gases have been observed in significant concentrations and
their list is growing. Five gases are considered to be of primary concern. They are CFCs (CFC-11,
CFC-12), methane (CH 4), nitrous oxide (N 20) and tropospheric ozone (03). The CFCs are
exclusively anthropogenic, CH4 and N 20 are both anthropogenic and natural, while tropospheric
0 3 can partly result from the chemistry of some of the non-C0 2 gases (e.g., CH4 and other
hydrocarbons, CO, NO, N0 2). The airborne fraction for some of these gases is close to unity,
considerably greater than that for C02 ; gases such as the CFCs and N 20 can also lead to the
destruction of ozone molecules in the stratosphere. Recent modelling studies have shown that the
combined effect of these greenhouse gases, some of which are rapidly increasing in concentration,
could be as much as that of C02--for example, Ramanathan et al. (1984).
In recognition of these results and a growing concern that the C02 issue was now more serious
than previously thought, a second international assessment was held in Villach, Austria (October
1985) on the role of C0 2 and other GHGs in climate variations and associated impacts.
Some of the findings at this conference are as follows:
• If present trends continue, the combined concentration of atmospheric C02 and other
greenhouse gases would be radiatively equivalent to a doubling of C02 from pre-industrial
levels, possibly as early as the 2030s;

• Radiative mean equilibrium surface-temperatures for a doubling of C0 2 (or equivalent) is
about 1.5°C to 4.5°C though due to the complexity of the climate system and the
imperfections of the models, values outside this range cannot be excluded;
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• Based on observational data, the estimated increase in global mean temperature during the
last 100 years of between 0.3°C and 0.7°C is consistent with the projected temperature
increase due to C02 and GHGs (but it has not yet been demonstrated either physically or
statistically that the temperature increase is in fact due to the increases in GHGs);
• Based on observed changes since the beginning of this century, a global warming of 1.5°C to
4.5°C would lead to a sea-level rise of 20-140 cm, which would have a major effect on
coastal areas and estuaries.
A few points should be kept in mind when evaluating the impact of C0 2 changes on terrestrial
ecosystems:
• While consensus appears to exist on estimates of effects on global mean temperature, the
changes that may take place in precipitation distributions are not well known;
• If a C02 warming leads to an increase in cloud cover the net radiational effect could,
temporarily, offset or decrease the impact of C02 . Preliminary results from research by
Bretherton, Coakley and Baldwin (1986) indicate that an increase of as little as 4 to 7%
in cover by certain types of clouds could offset a doubling of C02 . This points to the
importance of improving the understanding of cloud-radiation feedback processes.

10. C02 AND THE ANNUAL CYCLE

IN PHOTOSYNTHETIC PRODUCTION
Carbon dioxide concentrations show a strong annual cycle which is correlated with vegetation
changes from summer to winter and a trend due to anthropogenic loading. Figure 58 is a threedimensional plot of the total C02 signal from January 1982 to December 1984 as measured at
20 global monitoring stations. Recently developed satellite techniques (Tucker et al., 1986) enable
the derivation of a vegetation index from channels 1 (0. 55-0.68 microns) and 2 (0. 73-1.1 microns)
of NOAA-7's Advanced Very High Resolution Radiometer (AVHRR) data. This index is sensitive
to vegetation state or photosynthetic capacity.

IYF-GSFC-RG/NOAA

CJT-IYF/GSFC

Figure 58: Left: Variation of the global atmospheric C0 2 concentration with latitude and time based on NOAA/GMCC
flask measurements for 1982-1984. Right: Weighted normalized difference vegetation under (NDVI) plotted against
time and latitude zone. The average NDVI value for each sa latitude zone has been multiplied by the land area in the
zone to compensate for global variations in land area (from Tucker et al., 1986).
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Figure 59 shows a global map of the vegetation index for the northern summer (top) and northern
winter or southern summer (bottom). Note that the largest changes in biomass occur in the
northern hemisphere (with maximum amplitude around 50°-70°N) . A three-dimensional plot of
the vegetation index is shown in Figure 58 (right) which should be compared with Figure 58
(left) showing the predominant annual cycle in C0 2 . Note the highly seasonal effects in the

Figure 59: Monthly composite aggregated normalized difference (vegetation index) images for August 1982 (top) and
February 1983 (bottom). These images represent the photosynthetic capacity of the terrestrial surface for these two
months , representing the northern hemisphere summer and winter respectively . Large differences are apparent ,
particularly in the northern hemisphere . Yellow-tan colours represent deserts and areas of tundra with productivity
values close to zero; orange-tan colours are semi-arid grass lands and steppes; white-cream and green are areas of more
productivity , e.g . savannah and grasslands; red: temperate forests , equatorial forests , moist savannah-areas of
moderate/high primary productivity ; purple: areas of high productivity (from Tucker et al., 198~picture provided by
J . Tucker N ASNGoddard).

65

northern latitudes, the influence of the deserts in the 20° -30°N latitude zone, the generally constant
response of the tropics in the equatorial areas, and the influence of the low proportion of land area
south of 30°S. In the northern hemisphere, the vegetation index increases in spring to summer as
the atmospheric C0 2 concentrations decrease. Though the amplitudes of both C02 and vegetation
index fluctuations are smaller in the equatorial and southern hemisphere regions (less land area),
these phase relationships hold, confirming that the annual fluctuations in C02 are primarily due to
the "breathing" of the bionie.

11. THE OZONE "HOLE"
Ozone is a form of oxygen and is present in the Earth's atmosphere in very small quantities. If
all the ozone in an atmospheric column were to be compressed to sea-level pressure and
temperature the average ozone thickness would be about 3 mm. About 90% of this amount is found
in the stratosphere, with the rest in the troposphere. The layer of ozone in the atmosphere protects
the biosphere from the harmful effects of solar ultraviolet radiation, controls the structure of the
stratosphere and influences the climate.
·If the ozone shield should weaken for any reason, the increase in harmful radiation could,
among other consequences, lead to a greater incidence of skin cancer. Since the early 1970s, there
has been growing concern that some of man's activities may be causing a decrease in atmospheric
ozone. Such activities include the release of chemical compounds known as chlorofluorocarbons
(which are used as aerosol spray-can propellants, refrigerants and foam blowing agents) and the
increased use of chemical fertilizers and high-flying aircraft.

Though scientists have made calculations of possible ozone loss using computer models of the
atmosphere, attempts to find direct observational evidence of such loss have proved inconclusive
so far. However, in 1985, a British research team reported that ozone in the Antarctic atmosphere
has shown a decrease since observations there began in the late 1950s, and that the decrease is
observed during southern spring. Normally, in any given latitude, ozone is most abundant during
late winter and early spring. This finding has been confirmed from other independent data sources
such as ballon data gathered by Japan and satellite data collected by NASA.
This Antarctic seasonal decrease has been termed the Antarctic ozone "hole". The causes of the
decrease are ill understood. Several hypotheses have been advanced to explain the phenomenon.
These include the idea that the hole is caused by upward atmospheric winds, or that the resumption
of high solar activity after the polar night produces large amounts of ozone~destroying nitric oxide;
or that the extreme cold temperatures and associated polar stratospheric clouds (that are most
prevalent in the Antarctic) lead to unusual chlorine chemistry and eventual ozone destruction due to
man-made halocarbon compounds. While the Antarctic phenomenon does not appear to be an
immediate threat to world-wide ozone levels, there is concern that the ozone depletion may be a
prelude to more widespread events. Of particular concern is that the observed changes in ozone
could be linked to the observed increases in the gases that affect ozone, such as chlorofluorocarbons, methane and nitrous oxide. The latter gases affect the climate of the Earth through their socalled "greenhouse" action. Thus, the problems of ozone change and climate change appear to be
linked.
The intriguing question is "Why only in the Antarctic?" Very recent work with satellite data
suggests that the ozone-decrease phenomena may be global. This is only a tentative result based
upon one analysis of one set of data. Scientists and institutions, among them WMO, are working
towards checking this work.
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12. TRENDS IN SNOW COVER, SEA ICE
The variability of the northern hemisphere snow cover for the 1967-1984 period is shown in
Figure 60; the data are smoothed by a 12-month running mean. Eurasian snow cover dominates the
interannual variability in hemispheric extent. There are no clear indications of long-term trends in
sea-ice extent in either hemisphere. Various studies show that interannual ice anomalies on a
regional scale, associated with con·esponding anomalies in the atmospheric circulation, are large
(Walsh and Johnson, 1979). Kukla and Gavin (1981) reported a decrease in sea ice in the South
Atlantic sector between the 1930s and the 1970s, but the significance of this on a hemispheric scale
is uncertain. Estimates of Arctic sea-ice extent in late summer from USSR scientists (Barry, 1984)
show some correspondence with the fluctuations (± 1°C) of summer (JJA) temperature anomalies
over the polar cap 65°-85°N (Figure 61). During the period of ice retreat, the atmosphere is known
to "force" the ice over lags of several months (Walsh and Johnson, 1979). Corresponding records
of summer ice area and temperature from 1924 are virtually uncorrelated; this suggests that either
one or both data sets are unreliable due to a lack of observational coverage or that some unknown,
perhaps oceanic, process affected the earlier ice regions.
The very rough correspondence, 1950-1980, between the fluctuations in the Arctic ice area,
northern polar summer temperatures and the rainfall fluctuations in the Sahel area of western Africa
is ·most intriguing. Since a similar though weak signature is seen in summer monsoon rainfall over
India, it is tempting to speculate that some global-scale fluctuation has a modulating influence in all
three regions.
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ARCTIC OCEAN ICE
EXTENT, LATE AUGUST

Figure 61: Arctic Ocean ice extent in late August,
1924-1980, and summer temperature departures from
the 1946-1960 mean for latitudes 65-85°N. Dashed
line denotes 5-year binomially weighted running
mean (from Barry, 1985).
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13. AIR POLLUTION, WATER QUALITY
AND HEALTH
Bruce ( 1986) noted that the planetary environment is effectively a closed system, and that there
is far more interaction between the major components of the system, the air and the water, than we
used to think. Atmospheric pollutants are transported as gases, aerosols and particulates. Loading
of such pollutants to land and water surfaces occurs by wet deposition, i.e., scavenging by rain or
snow, and by dry deposition processes. In the latter case, gaseous materials are brought to the
surface by turbulent and molecular diffusion where they may react chemically, dissolve or become
physically absorbed. Small particles and aerosols are transferred to water surfaces by gravitational
settling, by turbulent diffusion, by molecular diffusion and by scavenging by spray. This "dry"
transfer of air pollutants is influenced by atmospheric parameters such as turbulence and wind
speed, by surface properties such as roughness and chemical reactivity, and by the physicochemical properties of the substances themselves such as their physical state and solubility. A
schematic of air-water exchange processes is shown in Figure 62.
The long-range transport of airborne pollutants and resultant deposition is now well recognized
in both Europe and North America as having serious environmental consequences and is of
growing concern in other parts of the world. Atmospheric transport over hundreds or thousands of
kilometres involves a variety of chemicals: acid precursors and acidic compounds, oxidants like
ozone and their precursors, heavy metals, synthetic organics and other long-lived substances.
These have been demonstrated to have adverse effects on aquatic and terrestrial ecosystems, on
solar radiation, on visibility, and on buildings and materials. Effects on human health may also be
occurring but they are subtle and difficult to detect. Particular attention has been focused, within
the Long-range Transport of Air Pollutants (LRTAP) programme of the Economic Commission for
Europe, on the problems of acidic deposition which includes not only the well-known "acid rain"
but also the dry deposition of acidic species.
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Figure 62: Schematic of air-water exchange processes (adapted from A.E.S. , Canada, 1986).

In North America, several million square kilometres of Ontario, Quebec, Ohio, New York,
Pennsylvania and the New England States receive precipitation with a pH averaging 4.6 or
lower-i .e., at least ten times as acidic as natural precipitation, which has a pH of about 5.6. On a
world-wide basis the only really comparable area of impact is in northern and north-eastern Europe
over areas of very thin soils with little alkalinity and with many lakes and rivers. The lakes in the
aforementioned region of North America have lost or are in the process of losing alkalinity and/or
turning acid (see Figure 63). Lakes more highly acid than pH 4. 7 or 4. 8 retain no fish. The low pH
areas correspond with areas of high sulphur or sulphate indicating that S02 emissions are the main
source of the acidity, although nitric acid from NOx emissions also contribute significantly.
Of increasing concern in recent years is the potential effect of acid rain on human health,
through the increased mobilization of toxic metals, aluminium, mercury, cadmium, lead and
copper from soils, sediments and pipe systems, as pH of water supplies decline. Aluminium in
water supplies has been tentatively linked to Alzheimer's disease and it is recognized to have
adverse effects on dialysis patients at concentrations above 10 mg l- 1 (Maghissi, 1986). Increased
aluminium in acidified surface waters is a major contributing factor to fish decline . Alkalinity has
been declining and acidity in water supply reservoirs and groundwater has been demonstrated to be
increasing in north-eastern USA, Ontario and Scandinavia. Fortunately, so far the increasing
concentrations of toxic metals have not yet been demonstrated to be at a level to result in adverse
health effects, but the trends are disturbing.
Some large water systems like the Laurentian Great Lakes have substantial buffering capacity,
and significant changes in lake acidity will not occur for centuries. For atmospheric loading of such
water systems, primary concern is over nutrients, trace metals and toxic organic substances. It
should be noted , however, that even where lakes and rivers are well buffered against acid
deposition, tributary lakes and streams can be low in alkalinity and poorly buffered, and their
acidification could damage or wipe out fish spawning and migration areas with a resulting serious
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Figure 63: Sulphate ion deposition in precipitation for 1980 (in Kg ha- ' ye' , weighted mean) and lakes and rivers
classified as acidified (red), sensitive (yellow) and not sensitive (blue) (from A.E.S ., Canada , 1986).

effect on fisheries of the larger downstream water bodies. Further, the excess acidity of
precipitation to the drainage basin can produce leaching of cations to the extent that there may
eventually be a deficiency of calcium and magnesium in soils coupled with the mobilization of the
toxic metal , aluminium . This has been evident in much of Europe, Germany, Switzerland and
Austria , with impacts on forest soils and trees, as well as on lakes and rivers .
Concern over atmospheric toxic loading has arisen not so much from a consideration of air
quality and its potential for direct injurious effects, but because the atmosphere is now recognized
as a pathway for the introduction of a broad range of harmful substances into freshwater
ecosystems. These are subjected to the long-term accumulation of airborne substances.
Studies have revealed the occurrence of significant contributions by atmospheric loading for a
large number of contaminants. These include:
• Nutrients: nitrates , phosphates;
• Trace metals: zinc, lead, copper, cadmium, chromium, nickel, iron, aluminium, manganese;
• Trace organics: polychlorinated-biphenyl (PCB) , dichloro-diphenyl-trichloroethane (DDT),
lindane , toxaphene, methoxychlor, endosulfans.
For PCBs, atmospheric deposition is currently considered to be the primary pathway for input
of these stable , toxic compounds into the Great Lakes. The relative significance of atmospheric
loading is enhanced by several processes by which the resulting concentrations in lakewater, and
therefore the potential for impact, are magnified. During the winter period , air pollutants are
deposited on snow and ice surfaces both on the lakes and in the basin. In the spring , these
accumulated contaminants are released to produce high concentrations for relatively short periods
of time. Such concentration pulses are further amplified by the fact that the first meltwater leaches
a high proportion of the deposited pollutants. This , in turn , is concentrated in both the surface layer
and near-shore areas of the lakes and may have a disastrous effect on aquatic biota in these regions.
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It has also been observed that, at least for inorganic pollutants, the fraction of atmospherically
deposited material in soluble forms is greater than from other non-point source inputs such as
agricultural runoff. As a result, less settling occurs and a greater proportion of the input is present
in free ionic forms which are directly available to aquatic biota.
Many contaminants resulting from man ' s activities and of potential ecological significance
have yet to be studied. More than 70,000 compounds of commercial and industrial significance are
now being produced in industrial countries and 2 ,000 to 3,000 new compounds are being added
each year. The International Joint Commission's Water Quality Board lists 419 organic and heavy
metal contaminants which have been identified as present in the Great Lakes ecosystem and the
Board's Committee on Health Effects has concluded that 89 of these should be investigated further.
Figure 64 compares the metalloadings to the Great Lakes of North America from the atmosphere
with the loading from other sources. Significantly the atmosphere is a major source of this
pollution.
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What is the role of atmospheric loading with respect to such contaminants in water systems?
Only scattered information on atmospheric concentration or deposition is available for a few of
these compounds and no data at all are available for most. The potential importance of such
information, however , is underlined by a recent study of man ' s impact on global cycles of trace
metals where loading of the oceans from rainfall has been compared with that from river and stream
discharges. Those metals for which the contribution of precipitation, wet and dry , to the oceans
exceeded or equalled estimated river loading included mercury (8x) , selenium (about equal) , and
arsenic (about equal). For many others the atmospheric contribution is a significant percentage of
the stream contribution. These include: molybdenum (about 45 %), antimony (about 35 %) ,
vanadium (about 8%) and silver (about 8%).
The transfer of toxic substances between the atmosphere and water is not only downwards.
Studies on the exchange of toxic substances between the atmosphere and lakes have led to the
realization that for hydrophobic and persistent organic contaminants such as the large and
important group of chlorinated hydrocarbons, re-introduction to the atmosphere can occur by
volatilization or "eo-distillation" with water vapour. Recent studies of the budget of chlorinated
benzenes introduced by the Niagara River into Lake Ontario and leaving the lake via the St.
Lawrence River suggest that more than 80% of these compounds which have been discharged into
lake waters are volatilized into the atmosphere . In the case of PCBs, the atmosphere appears to be a
"sink" (as well as a source) for as much as 50% of the PCBs that get into the lake water. What is
most disturbing about this is that amounts of some key indicator toxic contaminants (such as Mirex)
that are known to have been discharged only into Lake Ontario waters have been measured in
crops , cattle and milk from land areas sunounding the lake . These foods are a far more important
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pathway for toxic contaminants to reach man than drinking-water or fish. Thus, research on the
volatilization mechanism is now seen to be very important. The formation of bubbles with high
concentrations of contaminants on the water surface, their subsequent breaking and discharges into
the atmosphere appear to be an important mechanism; this is a subject of intensive research at water
and air chemistry laboratories of Environment Canada (Kerman, 1985).
Thus it is clear that there is not just a one-way, downward, transport of particles and gas to the
water from the air. Important processes occur at the air-water interface which result in a transport
of substances from the water to the atmosphere.
As regards water quality and health, water is the principal transmission agent for 80% of
the diseases of tropical countries. The most common of such diseases are trachoma, malaria (with
800 million infections per year), schistosomiasis, elephantiasis, typhoid, cholera, infectious hepatitis, leprosy, yellow fever and, perhaps worst of all, diarrhoea. World-wide, an estimated
1,000 children die every hour from diarrhoea! diseases.
The abundance of insects which bear diseases has been shown by Williams ( 1961) to be closely
associated with the previous months' weather and water conditions. Among the insect-borne
infections are yellow and dengue fever and malaria transmitted by mosquitoes whose numbers are
highly sensitive to weather and water conditions.
Those infections due to contamination of water or food show seasonal periodicities in temperate
climates with the highest incidence in the warm season. Temperature is also of great importance in
infections by bookworms and schistosomes. Hookworm infections occur mainly between 35°N and
30°S. Water in the soil, decaying vegetation and temperatures between 24°C and 32°C are needed
to sustain the free living stage of bookworms.
The distribution of schistosomiasis is clearly limited by mean temperature. Two aspects of the
life cycle of schistosoma are affected by water temperatures. The first is the presence of vector
aquatic snails and the second is the survival of the larval form after leaving the snail. Suitable snails
can grow and survive only in water temperatures from 18°C to 35°C with an optimum of about
24°C. The development of the larval form occurs most quickly at water temperatures of about
30°C.
Similarly, yellow fever, transmitted by mosquitoes, is highly temperature-dependent.
Epidemics of the disease occur only in areas with mean annual temperatures of 20°C or
higher-usually between 40°N and 35°S. Malaria is somewhat more prevalent at slightly higher
and lower latitudes than yellow fever.

14. ATMOSPHERIC ANGULAR MOMENTUM
AND EARTH ROTATION CHANGES
The planet Earth's variable rate of rotation, measured by small changes in "length of day"
(LOD) is proving to be a sensitive index of global-scale fluctuations in the atmospheric zonal
circulation. Length of day is currently measured with great precision using the following
techniques: (a) Very-Long-Baseline Interferometry (VLBI) in which different antennas receive
radio emissions from the same source outside the galaxy and (b) laser ranging which uses accurate
measurements of the round-trip time it takes a laser light pulse to travel between the Earth and
remote reflectors which have been placed on the Moon and the Laser Geodynamic Satellite
(LAGOES).
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Atmospheric angular momentum (M) is computed from sophisticated global analysis/forecast
models of large Meteorological Services. Assuming conservation of total angular momentum,
changes in LOD are directly related to changes in atmospheric angular momentum:
,6.

(LOD)

=

1.68

X

10- 29 f::.M (Kg m2 s- 1)

In the Global Climate System Review, 1982-1984, a striking ENSO maximum was evident in
the time series of both directly measured LOD and the LOD derived from calculations of
atmospheric/angular momentum. Equally prominent, in Figure 65, is the swing to anomalously
low values of both quantities in early 1984, characterizing the counter-ENSO signal in the
atmosphere and solid Earth. The figure also seems to indicate that the M and f::.(LOD) series began
to drift apart in 1984. This observation, if supported by data from forthcoming years, suggests the
possibility that processes affecting f::.(LOD) not related to the coupling of the atmosphere to the
solid Earth are starting to become noticeable in the post-1980 period (Rosen, 1986). Such
processes, probably involving core-mantle coupling mechanisms within the Earth, have been
invoked to explain the so-called "decade variations" in f::.(LOD) in the past, which in turn have
been thought (Lambeck and Cazenave, 1976; Courtillot et al., 1982) to be linked to climate
fluctuations on the decadal time scale.
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Figure 65: Daily, relative angular momentum (M) of the atmosphere about the polar axis during 1980-84 (solid curve;
scale on right and 3-day mean values of 6-l.o.d. (changes in length of day) for the same period (dashed curve; scale on
left) (provided by Rosen, 1986).
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15. CHANGES IN SOLAR RADIATION
Three independent measures of the brightness of the Sun as seen from the Earth now show the
same 0.02% per year decrease during the past five years, confirming suspicions of earlier
observations, that the Sun does seem to be fading (Science, 1986). However, this fading is too
rapid for it to be a part of a long-term change, so the decrease is thought to be linked to some wellknown solar cycle such as the 11-year sunspot cycle or more probably the 22-year magnetic cycle.
The Active Cavity Radiometer Irradiance Monitor (ACRIM) on board the Solar Maximum
Mission Satellite has measured a total decrease in solar irradiance between February 1980 and early
1985 of 0.09%.
Corroborating ACRIM measurements, a second satellite experiment, the Earth Radiation
Budget (ERB) experiment on board the Nimbus-7 spacecraft, has found a 0.015% per year
decrease throughout the record beginning in November 1978. The solar data set starts near the peak
in solar activity in 1978-1980 and the experiment is at present recording quiet Sun conditions (Kyle
et al., 1985). The solar time series from Nimbus-7 (ERB) is shown in Figure 66. Criticism that the
changes measured by the two satellite experiments were due to sensor degradation was dispelled by
data measured by carefully calibrated instruments mounted on rockets or high-altitude balloons
which were flown in 1980, 1983 and 1984. Eddy, of the National Centerfor Atmospheric Research
in Boulder, Colorado, USA, has suggested that irradiance changes could be climatically significant. For example, a 1% decrease in solar irradiance could have caused the estimated global 1°C
cooling between about 1800 and 1850 when sunspots were rare and Europe and other regions were
in the grip of the Little Ice Age.
Observed longer-term variations in solar irradiance which modulate the 11-year sunspot cycles
are shown in Figure 67. Variations in solar activity before A.D. 1700 are more or less confirmed by
a proxy sunspot number index derived from the analysis of tree-ring radiocarbon (Carbon 14)
measurements.
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Figure 67: Three indices of solar activity compared as a function of time for the period since A. D. 1000. The observed
annual mean sunspot number (r, scale at right, from Eddy, 1976) is shown by the thin line beginning in A.D. 1650, with
pronounced 11-year cycles visible after about A.D. 1700. The heavier curve (c, scale at left) extending from A.D. 1000 to
A.D. 1900 is a proxy sunspot number index derived by Stuiver and Quay (1980) from their measurements of tree-ring
C' 4 • As a proxy it successfully replicates the envelope of observed sunspot number (r) in the period of overlap--which
ends about 1900 owing to the overwhelming presence of fossil-fuel carbon in tree rings after that date. Open circles (a,
scale at left) are an index of the occurrence of northern hemisphere aurorae, another measure of solar activity, in
sightings per decade (from Eddy). The three independent indices confirm the existence of significant, long-period
changes in the level of solar activity, including three prolonged periods of depressed behaviour labelled as the Wolf,
Spoerer, and Maunder minima (from Global Change in the Geosphere-Biosphere, NRC, 1986).

16. THE GEOMAGNETIC "JERK"
In 1600, William Gilbert, the physician of Queen Elizabeth I, dispelled the idea that lodestones
are attracted to heavenly bodies. Instead he concluded from an experiment with a spherical
lodestone that the Earth itself is a giant magnet. Centuries passed before any reasonable hypothesis
emerged to explain geomagnetism. Earthquake data reveal that the outer region of the core is
liquid, believed to be composed mainly of molten iron and nickel which conduct electricity. One of
the few surviving hypotheses is that in the presence of small magnetic fields, which pervade the
galaxy, the rotating molten outer core generates a large magnetic field much the same as a spinning
disk in a dynamo. The secular variation of the geomagnetic field is the name given to those
fluctuations that have quasi-periods of greater than about four years and their origin in the Earth's
core (Skinner, 1981). Part of the secular variation is produced by the non-dipole component of the
Earth's field which appears to have both stationary and drifting components (Yukutake and
Tachinaka, 1969). The remainder is due to the changes in the strength and orientation of the dipole
itself, which is presently inclined at about 11.4° to the Earth's spin axis.
Evidence that sudden and strong changes in the secular variation of the geomagnetic field do
occur and have an internal origin has become available in the last five years. The most recent of
these dramatic events occurred in 1969 and is now believed to have been world-wide and
synchronous (Le Mouel et al., 1984). At that time components of the geomagnetic field showed a
step change in acceleration, i.e., an impulse in the third derivative, hence the terms "secular
variation impulse" or "jerk" used to describe them. The previous world-wide event apparently
occurred around 1912.
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Some clues to the "jerk" and the motion of the core may be found by studying the rotation of the
Earth as expressed in the length of day, the Chandler wobble or polar motion (Science News,
1981). For more than 30 years scientists have known that changes in the rotation rate on time scales
of a decade are related to variations in the geomagnetic field, because the mantle and the molten
core are coupled. Using Very Long Baseline Interferometry (VLBI) data which accurately measure
daylength, researchers have concluded that the coupling between the Earth's core and mantle is
much stronger than that predicted by current geophysical models of the Earth.
It is hypothesized that when the flow of the core changes, its pressure field changes as well,
deforming the mantle and altering its moment of inertia, and therefore its angular momentum.
Le Mouel believes that after a "jerk" there is an acceleration of the Earth, with a time lag of ten to
15 years-he has suggested that secular variation impulses around 1900, 1913 and 1969 were
associated with changes in day length around 1910, 1930 and 1980.

As with most large-scale complex subjects, the study of the "jerk" is impeded by inadequate
data. Debates over the "jerk" underscore the need for much better data, e.g., from satellite-borne
instruments that permit the global mapping of the magnetic vector field. Two satellites have
measured the magnetic field in the past, but these were short-lived. MAGSAT, for example, lasted
only six months. Geomagnetists have their sights on a "Magnetic Field Explorer" programme,
which would launch a trio of three-year satellites that would provide world-wide coverage four
times a year.
Although no one has ventured to hypothesize a connection between the geomagnetic "jerk" and
climate system fluctuations such as the ENSO, the fact that internal processes within the Earth's
core could impact the rotation speed of the planet has profound implications. For example, if the
angular momentum of the solid Earth is forced to change, basic physics (i.e., the principle of
conservation of angular momentum) dictates that compensating changes should take place in the
atmosphere and ocean-two fluid media with which the solid Earth interacts via friction. Whether
such processes are involved in, for example, the "big" ENSO episodes (e.g., 1982/83) is a matter
of speculation, unproven, and in fact untested, at this time.
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