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Foreword
The sixth edition of the Global Climate System Review is based on climate system events
covering the period from late 1993 to mid-1996. It continues the quasi-biennial series tradition
that started with a review of the 1982-1984 period. The continuity with previous issues is
maintained with updated analyses of traditional climate system monitoring (CSM) parameters
and phenomena such as the El Nino-Southern Oscilation (ENSO). Collaboration with the
Global Climate Observing System (GCOS) resulted in the inclusion of more elaborate climatic
information pertaining to the oceans and cryosphere which have not appeared in previous
issues.
As in previous reviews, this publication serves to make readers aware of the evolution
and inherent variability of the global climate system, attempting to set short-term climatic
fluctuations in a historical context. It is an excellent reference document on current climate
issues and serves a valuable educational role in this regard. It also serves to demonstrate to
World Meteorological Organization (WMO) Members the value of the climate data and
products provided by their countries and regional centres. The preparation phase of the
Review provides an opportunity for CSM experts from around the world to exchange
information on the global climate system, thereby contributing to a greater understanding of
the system. The Review is an informative and reflective document on the global climate
system that complements the WMO Climate System Monitoring Monthly Bulletins and the
annual WMO Statements on the Status of the Global Climate that have been produced since
1984 and 1993. respectively.
The Review is produced under the auspices of the Climate System Monitoring Project of
the World Climate Data and Monitoring Programme (WCDMP) that was initiated in 1984
following a recommendation of the Ninth World Meteorological Congress. An electronicversion of this issue is available on the World Wide Web and can be accessed through the
WMO Home Page (http://www.wmo.ch) by referring to information under the World
Climate Programme.
Special appreciation is extended to Mr J. M. Nicholls. United Kingdom, for the excellent
job he did as editor of this publication.

(G. O. P. Obasi)
Secretary-General
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Chapter 1

Highlights and Chronology
1.1 Highlights
Floods, droughts and storms continued to
inflict massive economic and human distress
around the globe. During the period under
review (December 1993-May 1996) losses of
more than 1 000 lives and thousands of
millions of US dollars have been associated
with individual climatic and weather events.
Australia, China, Europe and the United
States of America were among those parts of
the world hit by a sequence of widespread
drought and flooding: southern Africa

suffered a further debilitating drought some
arid regions not usually prone to pronounced
climatic variations (e.g. the Arabian Peninsula)
experienced periods of heavy rainfall.
However, the most notable event in
the period was the establishment in 1995 of
a new record for average global surface
temperature; the average was 0.39°C above
the 1961-90 normal, and was the warmest
since comparable records began being
compiled in 1861. The previous year, 1994,
was the fourth warmest, with an average
0.27°C above normal.

Climate highlights for the period included:
The change to a Pacific cold episode (La Nina) of the Southern Oscillation during
1995 after five to six years in which warm episodes (El Nino) prevailed;
The change in the northern winter of 1995/96 to a negative phase of the North
Atlantic Oscillation, after seven years in which the positive phase prevailed, leading
to a breaking of the long period of drought in southern Europe and northern .Vfrica;
The warmest year on record in 1995;
Hot, diy European summers in 1994 and 1995;
Monthly temperature anomalies of up to +12°C in parts of Siberia and European
Russia in the northern winter of 1994/95 and spring of 1995, with very early
melting of river ice;
Widespread, damaging drought in the Yangtze River basin in 1994, followed by
extensive flooding in 1995;
Persistent, continent-wide drought in Australia not relenting until the last half of
1995;
A large reduction in agricultural production in southern Africa due to extensive
drought in the 1994/95 "wet" season;
Extensive flooding for the second time in three years of both the
Mississippi/Missouri basin in the United States of America, and the Rhine valley in
Europe, both in 1995;
In 1995, the second highest number of Atlantic hurricanes observed since records
began, and in 1994 the three most intense hurricanes ever observed in the Central
Pacific; and
A repetitive battering of southern China by tropical storms and typhoons, with 11
making landfall in 1994 and nine in 1995.

1. Highlights

ciiid

Chronology

T h e f o l l o w i n g s e c t i o n g i v e s a c h r o n o l o g i c a l a n d r e g i o n a l s u m m a r y of t h e major c l i m a t e
a n d w e a t h e r e v e n t s of t h e p e r i o d . A m u c h m o r e d e t a i l e d r e p o r t o n n a t i o n a l e c o n o m i c a n d
h u m a n l o s s e s c a u s e d b y w e a t h e r e v e n t s c a n b e f o u n d in t h e W M O B u l l e t i n s of O c t o b e r
1996 ( C o r n f o r d , 1996) a n d O c t o b e r 1995 (Limbert. 1995).

1.2 Chronology of events
December
1993-May 1994

1.

Storms brought high winds and heavy rain,

more than 300 mm in places, to much of central

southern Bangladesh in early May. taking approximately 250 lives and leaving as many as half a

Western Europe in December and early January.

million homeless. Monsoon thunderstorms brought

Extensive flooding occurred in eastern France.

more than 200 mm of rain to Bangkok. Thailand in

Belgium, the south-east of The Netherlands, and in

early May and much of the city lay under a metre of

Germany. Damage amounted to US.S 580 million.

water by May 8.

Between 5-7 January, parts of south-eastern France.

5.

Switzerland and northern Italy received more than

February, many stations in Java, Western Sumatra

In the three months leading tip to 5

200 mm of rain in 2 i hours, leading to flooding of

and the eastern Celebes had measured more than

the Rhone and breaking of the dams on the River

1 200 mm of rain, with probably the worst

Durance. A severe storm hit western Norway on lr>

flooding in Java for a decade.

January, causing a 1 i 000-ton hotel platform to

ft

break adrift in Bergen harbour: additionally, there

brought 300-km/h winds and 400 mm of rain to

was much damage to the fish farming industry.

Madagascar in early Febmary. claiming more than

Tropical cyclone Geralda is reported to have

While a strong westerly flow brought persistent and

200 lives and leaving almost half a million homeless.

at times heavy rain to central Europe in March, the

Cyclone Nadia crossed the north of the island in late

Mediterranean fringes remained mostly dry and

March, moving on to northern Mozambique, where

some parts had no rain at all.

more than 200 lives were lost, 1.5 million were left

2.

homeless, and the local economy was severely

Krakow. Poland had its warmest January

since records began in 1826, with temperatures 6°C

damaged by the loss of 80 per cent of the country's

above normal, and in Moscow, temperatures were

cashew trees.

6.9°C above normal, which normally occurs only

7.

once every 30 years. However, northern and east-

bushfires broke out in eastern parts of New South

ern Europe and northern Asia became cold in

Wales in January, following a very dry 1993 and

February, and in Sweden. Stockholm's temperature

the onset of hot. windy conditions. The fires

stayed below freezing during the month for only

encroached into the Sydney suburbs; four lives

the fourth time in 120 years. In late April, early

were lost, and 185 homes and a half million

heatwaves affected Israel, with a temperature of

hectares of land were destroyed. The hot. dry-

In Australia, extensive and devastating

4l.2°C measured on the coastal plain.

conditions also affected Queensland, where

3.

Townsville, with a maximum of 44.3°C, recorded

Heavy snow caused widespread traffic

disruption in the north-east of the United States of

its hottest day ever. By the end of February, some

America at the end of December; up to 58 cm fell

areas of eastern Queensland had developed the

from one storm near the Great Lakes. In January,

worst one- and two-year rainfall deficiencies on

the north-east and adjacent parts of Canada

record. An intense depression in late May brought

endured bitter cold with all-time record low

storm-force winds, widespread damage, dust

temperatures in the Ohio Valley, central

storms and bushfires to southern parts of Australia.

Appalachians and southern Quebec: the mean

8.

température' of—16.6°C in Montreal was the lowest

atmospheric flow favoured very wet conditions in

for January since 1871. January to March saw

the western parts of South Island. New Zealand.

repeated intense ice and snow storms in the

Collier's Creek in the Hokitika catchment area had

north-eastern United States of America, contributing

a January rainfall of 2 600 mm. the second highest

to all-time seasonal records for total snowfall of

monthly total ever recorded in the country.

Predominantly westerly to south-westerly

331 cut ( 130.3 inches) at Binghamton, New York.

9

333.5 cm ( 131.3 inches) at Erie. Pennsylvania, and

January and June; Bogota was badly affected in

244.6 cm (96.3 inches) at Boston. Massachusetts.

February, with 1 000 homes destroyed. At the end

4.

of this period, more than 1 000 people died, with

Severe cold affected north-western India in

Colombia suffered repeated floods between

January and February, and in April frost caused

many more left homeless as earthquake activity

extensive vegetable and fruit damage in

was accompanied by torrential rains, floods and

Turkmenistan. Tropical cyclone 02B moved into

mudslides.

June-November
1994

1
In several parts of central and northern
Europe, July was the hottest calendar month
registered since the beginning of regular
observations; in Germany, Hamburg was more than
2°C warmer than in the previous warmest July. Alltime record daily maxima were recorded at several
stations in Europe, the highest being 46.1°C on 4
July at Murcia in south-eastern Spain. Record
sunshine duration was measured in July around the
Baltic, with 473 hours in parts of Lithuania. Extreme
dryness predominated across Europe, lasting some
six to eight weeks until mid-August and even longer
in Mediterranean areas. Fires scorched large areas of
Spain, Poland and the Baltic states.
2.
Other records were set in Europe; Bergen in
western Norway had its wettest June, and Denmark
and eastern Finland their wettest Septembers in
more than 120 years. Romania had its warmest
September this century, and the central England
temperature for November was the warmest in the
336 years that records have been kept.
3
November and December storms caused
widespread disruption over parts of the central and
eastern Mediterranean and adjacent parts of Asia.
In a four-day period in early November, the most
intense storms in 80 years caused massive flooding
and, according to insurers, US$ 9 000 million worth
of damage in northern Italy. Three major blizzards
hit Turkey, snows blanketed much of Jordan and
torrential rains caused US$ 170 million worth of
damage in Iran, as well as claiming several lives,
i. By early August, much of western North
America was in a state of severe or extreme drought
and more than 10 000 km2 had been consumed by
wild fires, some 30 per cent above normal. June was
the hottest in 100 years in the south-western United
States of America; between 24 June and 2 July,
maxima of 48.2°C were recorded in New Mexico,
46.7°C in Texas, 51.7°C in Nevada and 53.3°C in
Arizona. In Canada, Lytton, British Colombia
recorded 4l.3°C in July.
5.
Storms repeatedly affected south-eastern parts
of the United States and the Caribbean. In November,
a rare late season tropical storm, Gordon, brought
flooding to Jamaica, Cuba and Haiti, reportedly
causing more than 1 000 deaths in Haiti and more
than US$ 500 million worth of damage.
6. Severe summer droughts affected parts of
central and northern China, the Korean Peninsula
and Japan. Provinces in the Yangtze-Huaihe basin
experienced their worst drought in 60 years, with
17 million hectares of crops damaged, and 27
million people and 16 million animals suffering
from water shortage. In mid-summer, China's
northernmost station, Mohe, recorded the highest
temperature in its history, 38°C. Between June and
August, the south-eastern quarter of China experienced more than 20 days with temperatures climb-

TO

ing over 35°C, and Hangzhou had 54 such days.
Seoul, in the Republic of Korea, recorded its highest-ever temperature of 38.4°C. Japan had a very
warm autumn, with 52 of 144 stations recording
their highest-ever October mean temperatures.
South-east Asia was devastated by fi\e months
of storms and floods between May and Se member.
Eleven tropical cyclones made landfall in China.
The worst flooding in decades occurred in Guangxi
and Guangdong provinces in June, claiming
hundreds of lives and leaving tens of thousands
homeless. In late August, Typhoon 9 417 pounded
the populous coast of Zhejiang Province, bringing a
storm surge on top of a high astronomical tide, with
more than 1 100 deaths, 800 000 houses damaged
and 1 million people dislodged, and an economic
loss of US$ 2 000 million. September floods
destroyed 220 000 houses in the Mekong Delta,
Vietnam and caused major losses in the rice crop.
8.
Extreme heat hit India and Pakistan with
maximum temperatures of over 50°C in r laces,
causing more than 300 deaths in Rajasthan. This
was followed by heavy monsoon rainfall in many
northern and central areas and severe episodes of
flooding between July and September. More than
4 000 villages were reported as destroyed in
Pakistan. In States mostly across the northern half
of India, approximately 1 000 lives were ost and
approximately 2 million properties damaged.
9.
Southern Indonesia was exceptiona ly dry in
the five-month period ending in mid-October. Java
and the lesser Sundas had less than 10 per cent of
normal rainfall, with some locations rece ving only
5-20 mm of rain compared to a normal 850 mm.
Rubber crops were badly affected and fires caused
widespread pollution.
10. Much of the Sahel had above-norm il rainfall,
with the wet season being the wettest in 30 years
in the west; flooding in Niger reportedly left
130 000 homeless. In June and July, unusually hard
frosts were reported from South Africa, with
extensive loss of crops and citrus trees in the
Transvaal. Widespread snowfall was also reported
as far north as Windhoek, Namibia.
11. Australia experienced its driest MarchSeptember period since 1902, and in the eastern
two-thirds of the country no reporting station had
surplus rainfall for the last nine months of the
year. The worsening drought, associated with the
El Nino/Southern Oscillation (ENSO) rek ted
persistence of the sub-tropical high, was also
accompanied by frequent winter and spr:ng frosts.
Canberra reported a record-equalling 22 Jays of
frost in September and frost damage affected
crops, grapevines and fruit trees in southern
Queensland and New South Wales. Australia's
lowest-ever minimum of -23°C was recorded in
June in the Alpine area of New South Wales.

1. Highlights and Chronology

December 1994—
May 1995

12. Unusual winter and spring warmth in central
South America was punctuated by damaging frosts
in July as far north as Parana State in Brazil, where
the lowest temperatures for 20 years caused
extensive harvest losses in the coffee crop.
Southern Argentina experienced severe snowstorms,
especially in July. In Chile, a million cattle had died
by October in a drought which started in late 1993-

13. The abnormally warm waters of the tropical
central Pacific contributed to the development of
the three most intense hurricanes ever observed
in the region. Hurricanes Emilia and Gloria were
followed by John in mid-August. John persisted
for almost a month and sustained winds reached
275 km/h as it wandered to and fro across the
dateline.

1
Very wet conditions enshrouded much of
northern and central Europe. Great Britain had its
wettest January in more than 47 years and flood
alerts were issued for many rivers. For the second
time in just over a year, floods affected the basins of
the Rivers Rhine and Mosel. In the Netherlands.
more than 250 000 people were evacuated under
threat of collapsing dikes. Damage costs amounting
to US$ 3 500 million were reported. Record
February warmth in Russia led to river ice thawing
three to four weeks earlier than usual. By contrast
Reykjavik. Iceland had its coldest winter in 75 years.
In mid-May the Volga River in Russia overflowed,
flooding large areas of the Volgograd-Astrakhan
region, and in late May south-eastern Norway
experienced its worst floods since 1789 due to
heavy rain, rising temperatures and a rapid thaw of
large accumulations of mountain snow. Finland's
highest-ever temperature of 30.1°C was recorded in
Lahti on 30 May. only two weeks after 20 cm of
snow had fallen across the south of the country.

rivers, affecting some of the areas inundated by the
great flood of 1993- In the first week of May.
storms in Texas reportedly created the highest-ever
insured damage loss due to hail. USS 1 100 million.
5.
Much of Siberia experienced record warmth.
with many stations recording average weekly
temperatures 15°C above normal for some weeks
between mid-Febaiary and the end of April. Record
positive temperature anomalies (above the normal
monthly mean) were observed in Ulan-Ude (8.8°C).
Chita (7.8°C) and Salekhard (9.2°C) in January and in
Novosibirsk (8.9°C), Ekaterinburg (9.7°C). Syktyvkar
(10.5°C) and Khanty-Mansiisk (11.5°C) in February.
Many parts of western Siberia and the Urals experienced similar anomalies in April. In the Arctic,
temperatures at Dodinka exceeded -4°C for the last 6
days of March, compared to normal daily minima of
less than -25°C. Kiev, in the Ukraine had temperatures 6.1°C above normal in Febaiary. Eastern Japan
had its ninth consecutive warmer than normal winter.
Meanw hile. parts of southern Asia were cold, with
Bangladesh having its most severe winter in 30 years.
By the end of May, drought conditions were developing widely across parts of central Asia, including
Mongolia and north central China.
6.
Southern Indonesia had well-above-average
rainfall until April, in marked contrast to the
drought of 1994.
North-western regions of Western Australia
received heavy rains from tropical cyclones
Annette in December and Bobby in February. In
five days, Bobby deposited from 50 to more than
100 per cent of the normal annual rainfall in
northern and central Western Australia, flooding
several mines in the goldfields. In the Northern
Territory, Darwin recorded its highest-ever January
and wet season rainfall totals (940 mm and 2 382
mm respectively). However, in the eastern half of
Australia, precipitation for the wet season was
again significantly below average.
S.
Much of southern Africa and Madagascar had
below normal rainfall. Large areas had around half
the wet season average, and deficits of more than
150 mm were observed throughout Namibia,
south-eastern Angola, much of Botswana,
Zimbabwe, Mozambique, central and southern
Madagascar and the north-east of South Africa.

2.
Protracted drought continued in many
Mediterranean areas; precipitation totals from
December to June were less than half the average
in southern and eastern Spain, parts of southern
France, and north-western Africa. In southern
Spain, January found the Sierra Nevadas without
snow cover for the first time in 25 years, leading to
the cancellation of the World Ski Championships.
By the end of May, Israel was suffering from an
extreme "Sharav" with temperatures up to 44.5°C
and relative humidities as low as 5 per cent.
3.
Westernmost parts of the United States of
America experienced very wet conditions, the
eight-month period ending in May being the
wettest on record in California. Heavy precipitation
deluged the state from 1-9 January with more than
500 mm of rain in places, causing extensive floods
and mudslides. In March, severe flooding damaged
many bridges and roads. For the month of January
as a whole. Santa Barbara received 557 mm of
rain, 35 per cent more than its normal annual total.
4.
Much of the central United States of America
had a very wet April, May and early June, the May
rainfall amounts being the highest since 1895 in
Illinois and Kansas. Extensive flooding occurred
along the Missouri. Mississippi and lower Ohio
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June 1995November 1995

1.

Although damaging hailstorms occurred in

1.

recorded over 1000 mm of rain between June and

and early autumn were characterised by extreme

earl)" September, around twice the average, partly

heat and drought In July, at Cordoba. Spain and

due to the passage of typhoons Faye and Janis in

Amareleja. Portugal, daily maxima reached 46.6°C

late July and August. Moisture surpluses already

and 46.5°C respectively, both all-time records. The

existed from earlier rains and the worst flooding of

period of July and August together was the

the century was reported from Korea, with damage

warmest in 336 years of recorded temperatures in

costs of several thousands of millions U.S. dollars,

central England, at almost 3°C above the 1961-90

while in north-eastern China, millions had to be

normal. Many places in northern and western

evacuated. Meanwhile. Shaanxi and Gansu

Europe recorded little or no rainfall for the fixe to

Provinces in northern China remained drcught-

six weeks ending in late August; 18 million

stricken and parts of the Yellow River dried up for

residents in England were banned from irrigating

four months. In September, a new record

gardens and lawns. However, heavy rain

temperature of 38.2°C was set lor Shangh; 1. where

developed in the central and eastern

site data extend back to 1873. Super typhoon Oscar

Mediterranean, causing devastating floods in

brought widespread heavy rain to southern and

Turkey and Macedonia in July, and from southern

eastern Japan in mid-September, ending a three-

Italy eastwards in August. South-eastern Europe

month dry spell, but both here and in easiern

had two to three times its normal rainfall in

China, dryness returned from October onwards.

September. Warmth, sunshine and dryness

5.

returned to nearly all of Europe in October,

drenched southern China. Vietnam and Thailand

Tropical storms and typhoons battered and

Denmark having its warmest October since records

throughout the period. Some eight systems affected

began in 1874. This was followed by severe winter

Guangxi and Guangdong Provinces and Hong

conditions in November in many northern, central

Kong. The basin of the lower Yangtze wa- also

and eastern areas. In early November, record daily

heavily flooded, as were areas around the

rainfall was reported from Turkey, with 428.6 mm

Dongting and Boyang lakes in Hunan and Jiangxi

in Antalya and, in Izmir. 6 7 people drowned.

Provinces. Some 650 people died in these areas,

2.

600 000 houses were destroyed. 2.7 million

Oppressive heat and humidity, with record

daily highs of 41—i2°C in Wisconsin. Illinois and

hectares of agricultural land were inundated and

Connecticut, spread across the northern and

economic losses amounted to more than l.'SS 4 000

eastern United States of America in an intense mid-

million. Super Typhoon Angela hit southern Luzon

July heatwave. Seven hundred heat-related deaths

in the Philippines on 3 November with torrential

were reported in Chicago. Canada experienced the

rains and 315 km h gusts, reportedly claiming more

second worst summer forest fire season in its

than 900 lives and destroying a half million homes.

history, with 7.1 million hectares burned from the

6.

For the second successive year, parts of the

Yukon to Quebec.

Indian sub-continent experienced maxims of over

3.

50°C. up to 53°C in Pakistan, followed bv a late

The Caribbean and western North Atlantic

experienced 11 hurricanes, the second highest

but wet monsoon with flooding, especially in

number since registration began in 1886. Tropical

Bangladesh, eastern India and Pakistan. A heat-

storms and hurricanes continually buffeted the

related death loll of more than 500 was reported

Caribbean Islands and areas around the Gulf of

in India.

Mexico. Hurricane Allison brought heavy rains from
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Parts of Korea and adjacent Manchuria

many parts of Europe in June, most of the summer

June and July saw some of the highest

Cuba to the Florida Panhandle in the United States

rainfall totals on record in many south-eastern

of America in June, relieving long-term dryness in

parts of Australia, with regular flooding. However,

many parts, but more adverse conditions were

persistent anticyclones over south-eastern Australia

created in parts of Florida by Hurricane Erin in

and the Tasman Sea led to many places having

August and Hurricane Opal in October. The latter

their driest and warmest August on record. Sydney

system produced more than 400 mm of rain in

had no rain, the first rainless calendar m< nth since

places, storm surges of five to six metres and gtists

records began in 1859- Grafton in northern New

of 230 km/h in the Panhandle and adjacent

South Wales recorded its highest-ever August

Alabama. Hurricane-force winds from Opal extended

maximum. 34.5°C. as did several other locations in

as far inland as Atlanta. Georgia. The storm took 59

the last 10 days of the month. In contrast an

lives in all and caused US$ 3 000 million worth of

abnormally wet, cool month was experienced in

damage. Hurricanes Luis and Marilyn caused much

parts of Queensland.

destruction in September in the north-eastern

s.

Caribbean Islands including Antigua. Puerto Rico

New Zealand in the winter. In late June hea' } low-

Severe cold outbreaks spread from the south to

and the Virgin Islands, taking 23 lives and causing

level snow in Otago and south Canterbury resulted in

more than USS 4 000 million in damage.

a state of emergency being declared. On 3 July. Ophir

/. Highlights and Chronology

reported -21.6°C, New Zealand's lowest ever recorded

Brazil throughout the period, with less than half

temperature. In mid-July, snow fell in the east of

the average rainfall in many places. Some of the

North Island, lying tor the first time in living memory

worst forest fires in living memory broke out.

at Rotorua. Heavy snow caused the loss of 50 000

Severe snowstorms swept the far south of South

lambs in September lor the second successive year.

America in August with blizzards and two-metre

9.

snow drifts in Patagonia. Argentina.

A protracted drought affected parts of central

and northern Argentina, Paraguay, and central

December 1995May 1996

I

In December, the drought on the Iberian

western Australia and western parts of the Northern

Peninsula broke, parts of Portugal recording over

Territory. In eastern Australia, the dry spell became

three times the normal rainfall. Northern and

re-established in the summer and early autumn but

eastern Europe experienced severe cold spells

was finally broken by widespread heavy rain in late

with heavy snow. Christmas was the coldest ever

April and early May. In the first week of May. many

recorded in parts of Scandinavia and Scotland:

stations in south-eastern Queensland and northern

10-metre snowdrifts affected the Shetland Islands.

New South Wales had precipitation totals which

On 30 December in Scotland. Glasgow recorded

exceeded the previous monthly record, a few-

its coldest night ever with -20°C and Altnaharra

locations recording over 1 000 mm. Major flooding

had a minimum of-27°C, just short of the record

occurred after five years of drought and losses to

low for the United Kingdom. In Kazakhstan, a

crops and property were valued at $A 100 million.

blizzard with winds of 30 m/s accompanied by a

6.

temperature drop of 20°C from near zero led to

started with good rains in December in northern

In southern parts of Africa, the wet season

113 people freezing to death. In complete contrast

and eastern South Africa. Swaziland. Lesotho,

to 1994/95. northern and central Europe had a

southern Botswana and central Zimbabwe, and

predominantly dry (and cold) winter while many

severe river flooding was reported in Kwazulu-

Mediterranean countries had plentiful rainfall.

Natal province. As the season progressed, above-

2.

normal rainfalls progressed northwards through

By the end of the period, a severe drought

had developed across the southern plains and

Zambia. Malawi, Tanzania. Kenya and Uganda

south-west United States of America, and in

with much of south-western and central Ethiopia

northern Mexico: many areas recorded less than

receiving 100-200 mm in March.
In Iran and the eastern part of the Saudi

one inch (25.4mm) of precipitation in the eightmonth period starting in October 1995. In southern

Arabian peninsula, many places reported more

and western states, nearly 600 000 ha were charred

than twice and u p to seven times the normal rain-

by wildfires. In Oklahoma. Texas and Kansas, more

fall for the 11-week period starting on 1 February.

than half the winter wheat crop was damaged by

Doha. Qatar and Sharjah in the United Arab

the drought and. in New Mexico. 90 per cent of

Emirates recorded over twice the normal annual

the sorghum crop was badly affected.

rainfall, with more than the normal annual total of

3.

Japan and southern parts of China had

102 mm falling in five days (10-14 March) in

several cold outbreaks: the southern Chinese

Sharjah.

provinces of Guangxi and Guangdong suffered

8

freezing temperatures in late February and 29

drought broke, with severe flooding following very

stations in Japan recorded their lowest-ever mean

heavy rains in southern Brazil and Paraguay at the

temperatures for April.

end of December. On 12-13 February, coastal areas

4.

Early 1996. like most of 1995. was very wet

In many eastern parts of South America, the

of Sao Paulo State in Brazil received approximately

in most of Indonesia, with rainfall surpluses of tip

400 mm of rain, causing mudslides, flooding and

to 1 000 mm in some regions for the 15-month

road damage. More widespread summer rains

period ending in February.

limited moisture deficiencies to western Paraguay,

5

north-western Argentina and adjacent parts of Chile

In March. Tropical Cyclone Kirsty moved

southwards over Western Australia producing heavy

by the end of the season. In north-eastern Brazil.

rain (several totals of 100 mm in a day were

the March-to-May wet season saw some heavy

reported) and floods in the eastern (inland) part ol

rains, with favourable conditions created by La

the state. Cyclone Olivia followed in April, with

Nina in the Pacific and above-normal surface

heavy rain, including record amounts over most of

temperatures in the South Atlantic.
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Chapter 2

Global Circulation and Ocean Interaction
2.1 Southern Oscillation
(SO) cycle —
Transition from warm
to cold episode

3

The Southern Oscillation (SO) is the
irregular fluctuation of the sea level pressure
(SLP) field between the western tropical
Pacific/eastern Indian Ocean region and the
south-eastern tropical Pacific. Opposite
phases of the SO are accompanied by
coherent patterns of anomalous wind,
anomalous tropical convection, and
anomalous sea surface temperature (SST),
which generally span the entire equatorial
Pacific and many adjacent mid-latitude
regions. Collectively, these anomaly patterns
are a consequence of strongly coupled
ocean-atmosphere interactions which are
the dominant cause of interannual variability
in many parts of the global tropics. The
3
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*- Figure 2. 1
Equatorial Pacific sea
surface temperature (SST)
anomalies (°C) for the
areas indicated in the
figure. NINO 1+2 isjhe
average over the NINO
1 and NINO 2 areas.
The NINO 3 area is
often used as an index of
SST anomalies associated
with the ENSO cycle.
(NOAA/NWS/CPC
Washington. D.C.)
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negative phase of the SO represents belownormal SLPs throughout the eastern
equatorial Pacific, and above-normal SLPs in
the west, with anomalously weak low-level
easterlies across the tropical Pacific. These
circulation features are generally
accompanied by positive SST anomalies
throughout the tropical Pacific from the date
line to the South American coast and byenhanced convection over the central and
east-central equatorial Pacific. These overall
conditions characterise an El Nino/Southern
Oscillation (ENSO) episode, the term
El Nino having evolved to refer to the
ocean-wide warming of the SSTs in the
equatorial Pacific. Another commonly used
name for an ENSO episode is a "Pac ific
warm episode". In contrast, the positive
phase of the SO is associated with opposite
patterns of anomalous SLP, wind, SST. and
tropical convection. These conditions are
known as a "Pacific cold episode" or "La
Nina". Pronounced warm episodes of the SO

2. Global Circulaiion and Ocean Interaction

However, the most distinct feature of the
period was the following transition to
negative SST anomalies and a positive phase
of the SO, culminating in mature cold
episode conditions from November 1995 to
April 1996. In the tropics, this transition from
warm to cold episode conditions was
accompanied by: (i) a change from abovenormal SSTs to below-normal SSTs from the
date line to the west coast of South America
(Figure 2.2); (ii) a large-scale reversal in the
pattern of longwave radiation and associated
tropical convection across the equatorial
Pacific (Figure 2.3); (iii) a significant increase
in the slope of the oceanic thermocline
across the equatorial Pacific during 1995
(Figure 2.4) with a corresponding reversal in
the pattern of sub-surface ocean temperature
anomalies (Figure 2.5); and (iv) a change

1
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Figure 2.3 t
Anomalies [watts per
square metre! in outgoing
longwave radiation [OLR]
br December-February
1994/95 [top) and
December-February
! 995/96 [bottom).
Anomalies are departures
from the 1979-95 base
period seasonal means.
(NOAA/NWS/
CPC,
Washington, D.C.)

160;E

occur on average eveiy three to six years.
Cold episodes tend to appear more
erratically. A general description of the
global impacts of the SO is given on page 21
at the end of this chapter.
Both negative and positive phases of
the Southern Oscillation were experienced
during the period December 1993-May 1996.
Mature warm episode conditions were
observed from late 1994 through early 1995
for the third time in four years (Figure 2.1).

160W

140'W

Figure 2.5 — Equatorial
depth-longitude section of
anomalies in ocean
temperature for December
1994 {top) and
December 1995
[bottom). Data are
derived from an analysis
system which assimilates
oceanic observations into
an oceanic GCM
[]i, Leetmaa and Derber
1995). Contour interval
is I °C. Anomalies are
departures from the
1983-92 base period
monthly means.
[NOAA/NWS/CPC,
Washington, D.C.) *
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Figure 2.4 — Mean
(top) and anomalous
(bottom) depth of the
20°C isotherm for
5°N-5°S in the Pacific
Ocean. Data are
derived from an analysis
system which assimilates
oceanic observations
into an oceanic GCM
(ji, Leetmaa, and
Derber 1995). The
contour intervals are in
metres. Anomalies are
departures from the
1983-92 base period
means.
(NOAA/NWS/CPC,
Washington, D.C.)
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from reduced to enhanced equatorial
easterlies from Indonesia to the east-central
Pacific (Figure 2.6). Other significant features
of the Southern Oscillation are described in
the following chronology.
A mature warm episode from January
to June 1993 was followed by a return to
near-normal conditions across the equatorial
Pacific during late 1993 and early 1994
(Figure 2.7). However, by mid-1994, positive
SST anomalies had redeveloped near the
date line and the equatorial easterlies had
weakened. The SST anomalies then
strengthened during September-November
1994, with SSTs reaching more than 2.0°C
above normal at 170°W. The low-level
easterlies continued to weaken, which
contributed to an increase in the depth of
the thermocline in the central and eastern
Pacific and a shoaling of the thermocline in
the far western Pacific (Figure 2.4).
This evolution culminated in the onset of
mature warm episode conditions during
December 1994-February 1995. During this
period, equatorial SSTs were more than 1.0°C
above normal from the date line eastward to
the South American coast and atmospheric
convection was greatly enhanced near the
date line. At upper levels, anomalous anticyclonic circulation centers, typical of warm
episodes, developed to the north and south of
the enhanced convection. Farther north, an
eastward extension and southward shift of the
East Asian jet was evident, representing a
primary dynamical change in the flow over the
North Pacific. This anomalous jet structure was
associated with a number of intense extratropical cyclones that developed over the central
North Pacific and moved towards the southwestern coast of the United States of America,
resulting in abnormally heavy precipitation
over large parts of California and the southwestern United States of America. Global
precipitation anomalies during this period
were also typical of warm ENSO episodes. For
example, below-normal precipitation was
observed in southern Africa, north-eastern
Australia and the south-western Pacific westward from Fiji, while excessive precipitation
was recorded over the central equatorial
Pacific and along the Gulf of Mexico coastal
region of the United States of America.
These warm episode conditions then
decayed very rapidly during March and April
1995, with SSTs returning to normal in the
eastern Pacific by March (Figure 2.7). By May,
convection had also returned to normal in the
equatorial central Pacific (Figure 2.8). By July,
weak cold episode conditions were develop-

i6

<- Figure 2.6
Time-longitude section of
anomalies {mei'es per
second! in the 350 h Pa
zonal wind for 5°N-5°S.
The data are smoothed
temporally by ising a
three-month running
average. Dash ;d
contours and blue
shading indicate easterly
anomalies. Anomalies are
departures fror the
1979-95 bas-: oertod
monthly
means.(NOM, SIWS/CP
C Washington D.C.j
<- Figure 2.7
Time-longitude section of
sea surface temperature
anomalies for 5°N-5°S.
Anomalies are departures
from the adjusted
optimum interpolation
climatology (F =) nolds
and Smith }995).
INOAA/NWS, CPC
Washington. D.C.j
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ing as indicated by below-normal SSTs along
the equator east of the date line. These anomalies strengthened and expanded during the
next several months, with below-normal SSTs
covering the central and east-central Pacific by
November 1995. The low-level easterlies also
strengthened across the entire Pacific basin
during this period (Figure 2.6). and the thermocline shoaled east of 150° W and deepened
to the west. Accompanying this evolution,
ocean temperatures at thermocline depth
decreased to as much as 5°C below normal in
the east-central Pacific and increased to more
than 2°C above normal in the western Pacific
(Figure 2.5). Convection also became greatly
suppressed over the central Pacific during the
period, indicating the onset of mature cold
episode conditions. These conditions persisted
through April 1996. Associated with these cold
episode conditions, observed global anomalies included: (i) wetter-than-normal
conditions over southern Africa, (ii) a strong
Indian monsoon, (iii) drier-than-normal condi-

I

*- Figure 2.8
Time-longitude section of
anomalous outgoing
longwave radtotion (watts
per square mere) for
5°N-5°S. The data are
smoothed temporally by
using a three-month
running average. Dashed
contours indicate
negative OLR anomalies.
Anomalies are cepartures
from the 197^-95
base
period monthl) means.
(NOAA/NWS. CPC
Washington ,

2. Global Circulation and Ocean Interaction

Figure 2.9-*
Amplitude of the East
Atlantic/West Russian
[EATl/WRUSj teleconnection pattern, January to
May 1950-96. Values
less than -1.0 indicate a
strong negative phase,
with lower than normal
geopotential heights over
the north-eastern parts of
the North Atlantic, and
above-normal geopotentials over Russia.
INOAA/NWS/CPC,
Washington, D.C.j

Figure 2. 10
Mean 250 hPa
geopotential heights and
anomalies over Europe
and northern Asia,
Januory to May 1995.
Contour interval for
heights is 120 m, and
for anomalies is 60 m.
INOAA/NWS/CPC,
Washington, D.C.
Reprinted from Halpert et
ai, the Bulletin of AMS,
Vol. 77, No. 5.) i>
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tions until early 1996 over southern Brazil,
north-eastern Argentina and Uruguay, (iv) a
northward shift of the Pacific jet stream and
storm track to the Pacific North-west and
reduced westerlies across the Baja Peninsula
and northern Mexico. This flow pattern
contrasted with the pronounced southward
shift of the jet axis during the previous winter
and resulted in abnormally warm and diy
conditions over the south-western United
States of America and abnormally wet conditions in the Pacific North-west.

2.2 Northern hemisphere
circulation
The atmospheric circulation tends to
exhibit substantial low-frequency variability.
These low-frequency fluctuations are important because they are accompanied by shifts
of the jet stream which influence storm
frequency, intensity and position, and hence
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strongly influence the temperature and
precipitation patterns observed during a given
month or season. The association of recurrent
low frequency fluctuations with anomalies or
variability at near and distant locations is
often referred to as a téléconnexion. The
primary teleconnection patterns are centered
over the North Pacific, North America. North
Atlantic and European sectors during the
northern hemisphere winter.
During the period from December
1993-May 1996, the dominant winter teleconnection pattern was the North Atlantic
Oscillation (NAO) which is detailed in section
2.3. With one exception, the other main
winter teleconnection patterns (the
Pacific/North American [PNA] pattern, the
West Pacific Oscillation [WPO], and the East
Atlantic/Western Russia [EATL/WRUS] pattern)
did not exhibit strong amplitudes during the
three winter seasons covered in this review.
The exception was the EATL/WRUS
pattern, which did exhibit remarkable
amplitude and persistence during the period
of January-May 1995 (Figure 2.9). Prominent
features of this pattern included abovenormal geopotential heights over much of
European Russia and the western hall' of
Asiatic Russia, and below-normal heights
over the north-eastern North Atlantic (Figure
2.10). This overall pattern characterises a
strong negative phase of the EATL/WRUS
pattern, which usually exhibits considerable
month-to-month variability and rarely
persists in a strong phase (absolute
magnitude greater than 1.0) for more than
two consecutive months. However, during
January-May 1995, the index was below
-1.0 for all five months, the longest such
streak in the record dating back to 1964.
During this five-month period, the anomalous circulation was associated with an
intensification of the mean westerly flow over
the North Atlantic and Europe, and with a
mean south-westerly flow over much of eastern Europe and western Russia. This flow
resulted in abnormally warm conditions from
eastern Europe to western Siberia.
Temperatures during this period averaged
3-8°C above normal throughout these regions
(Figure 2.11).

*r Figure 2. I I
Surface temperature anomalies (°C) over northern Europe
and northern Asia, January-May I 995. Anomalies are
departures from the 1961-90 base period means.
INOAA/NWS/CPC,
Washington, D.C. Reprinted from
Halpert et al., the AMS Bulletin, Vol. 77, No. 5.j
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2.3 North Atlantic
Oscillation — Reversal
from positive to
negative phase
The North Atlantic Oscillation (NAO) is a
prominent mode of low-frequency atmospheric variability over the extra-tropical
Atlantic. The NAO is characterised by a
north-south dipole of anomalies of pressurelevel height, one over Greenland and
another of opposite sign spanning the central
latitudes of the North Atlantic between 35°N
and 40°N. The positive phase of the NAO
represents negative height anomalies across
the sub-polar region and positive anomalies
over the central North Atlantic, the eastern
United States of America and western Europe
(Figure 2.12a), while the negative phase
reflects an opposite pattern of anomalies
over these regions. Both phases are associated with changes in the intensity and location of the North Atlantic westerlies, jet
stream and storm tracks, and with resulting
changes in temperature and precipitation
patterns from eastern North America to western and central Europe. In particular, the
negative phase is associated with North
Atlantic or European blocking patterns.
(Walker and Bliss 1932. van Loon and Rogers
1978, Rogers and van Loon 1979).
The characteristics and impacts of the
NAO are most pronounced during the northern
hemisphere winter. The positive phase of the
NAO is associated with below-normal temperatures in Greenland and the Middle East and
with above-normal temperatures in the eastern
United States of America and northern Europe
(see also Wallace and Glitzier 1981). It is also
associated with below-normal precipitation
over southern and central Europe and above
normal precipitation over northern Europe,
including Scandinavia. Opposite patterns of
temperature and precipitation are usually
observed with the negative phase of the NAO.
A positive phase of the NAO characterised the northern hemisphere wintertime
circulation from 1990/91 through 1994/95
(Figure 2.12b). marking the longest period of
such domination since 1930 (see Rogers
1984). This phase was very strong in the
1993/94 and 1994/95 winters. The circulation
pattern associated with the NAO during
November-Febmary (NDJF) 1994/95 is
shown in Figure 2.13. Wintertime heights
were below normal throughout the high latitudes of the North Atlantic and above-normal
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heights were observed farther south, over
eastern North America and over the eastern
Atlantic and Europe. Wind speeds were
below normal over the eastern United States
of America and over southern Europe and
northern Africa, and above-normal jet stream
winds extended across the high latitudes
from the central Atlantic to Scandinavia.
These anomalous wind and height
patterns reflected an eastward shift toward
the Labrador Sea of the normal Hudson Bay
trough and a flattening of the normal ridge
over the eastern North Atlantic. Also, this
shift was associated with a weaker than
normal north-westerly flow at lower levels

*- Figure 2. 12 ['op)
— Typical pos tive phase
North Atlantic Oscillation
(NAOj during -he
December-February (DJFj
season as cha acterised
by 700 hectopascal
(hPaj anomalies in
metres.
(Bottom) Norm, :il sed time
series showing the
amplitude ofïte
NAO
for consecutive t^JDJF
periods beginr :rg in
1950. 1995 ndicates
the 1994/95 season,
etc. Modes are
calculated from the
1964-93 base period
seasonal meat s
Calculation detcils are
described in Bell and
Halpert (19951.
(NOAA/NWS, CPC,
Washington, D C.)

Figure 2.13
250 hPa heigl I and
anomaly (top) and
250 hPa zonal wind
anomaly (botlc n, for
November-Fel ruary
1994/95.
Heghtsftop)
ore contoured 'hick solid
with intervals c ^0 m.
Contour inlervci tor height
anomaly is 30 m and for
zonal wind anomaly is
3 m/s. Anomalies are
departures iron the
1979-95 base period
averages.
(NOAA/NWS/ CPC,
Washington, B.C.) 4<
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2. Global

Figure 2. 14
250 hPa height and
anomaly (topi and
250 hPa zonal wind
anomaly {bottom) for
November-February
1995/6. Heights (top)
are contoured thick solid
with intervals of 90 m.
Contour interval for height
anomaly is 30 m and for
zonal wind anomaly is
3 m s" '. Anomalies are
departures from the
1979-95 base period
averages.
INOM/NWS/CPC
Washington, D.C) t

over central and eastern North America,
which resulted in fewer cold-air outbreaks
and much above-normal surface
temperatures over much of North America.
Anomalies reached 3°C over much of central
Canada, and 1-3°C over the central and
eastern United States of America. Anomalous
height and wind patterns over northern and
western Europe were associated with an
enhanced south-westerly flow of marine air
into continental Europe, which contributed to
above-normal temperatures over Scandinavia
(+2-3°C). northern Europe (+0.5-2°C) and
much of western and central Russia (+1-2°C)
during NDJF 1994/95. Precipitation averaged
above normal during the period over much
of central and northern Europe and below
normal over southern Europe and northern
Africa. Seasonal and regional variations in
temperature and precipitation are described
in more detail in Chapter 3.
In contrast, a negative phase of the
NAO became established in the winter of
1995/96, with above-normal heights and
substantial blocking activity over the North
Atlantic at high latitudes, while below-normal
heights covered the eastern United States of
America, the central latitudes of the North
Atlantic, central Europe and south-western
Russia (Figure 2.14). Below-normal wind
speeds extended from eastern Canada to
northern Europe, with above-normal jet
stream winds from the south-eastern United
States of America to northern Africa. This
anomalous wind field reflected a westward

metres

Circulation

and

Ocean

Interaction

retraction of the jet core towards the western
North Atlantic and a split in the jet stream
over the central and eastern North Atlantic,
with the southern branch of the westerlies
extending across southern Europe and north
Africa and the northern branch extending
over central Greenland.
Collectively, these anomalous wind and
height patterns were related to an intensification and southward extension from their
climatological mean position of the Hudson
Bay trough over eastern North America, resulting in an enhanced north-westerly geostrophic
flow and an increased number of cold-air
outbreaks into north-eastern and north-central
parts of the United States of America and
central Canada, where surface temperatures
averaged 1-2°C below normal during the
NDJF period. Over northern Europe and western Eurasia, a reduced westerly flow of
marine air resulted in abnormally cold and dry
conditions. Farther south, the southern branch
of the Atlantic jet stream brought enhanced
storm activity into southern Europe and northern Africa, which contributed to abnormally
wet and warm conditions during the
November 1995 to Febaiaiy 1996 period.

2.4 Southern hemisphere
circulation
The development of a moderate El Nino/
Southern Oscillation (ENSO) episode during
1994 and the subsequent reversal to cold
episode conditions during 1995 were the
main influences on the weather and
circulation over much of the southern
hemisphere during the period from
December 1993-May 1996. As the 1994
ENSO developed, persistent anomaly
patterns, resembling in many respects those
found during the 1991-93 period, became
re-established. These included:
•
Recurrent low pressure/heights over and
east of New Zealand, which resulted in
anomalous west to south-westerly flowover the country, above-normal rainfall
in western New Zealand and near-record
low rainfall in north-eastern New
Zealand (Figure 2.15);
•
High pressure/heights over Australia
and the adjacent Coral Sea, which were
associated with drier-than-normal
conditions over the islands of the
south-western Pacific (New Caledonia
eastwards to Fiji and sometimes
Tonga), over Indonesia, and over
Queensland (Figure 2.15);
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Figure 2.15
Circulation

and
highlights

Indonesia,
December
1995.
of
Melbourne,

over

Australasia

and surrounding
February

-^

weather

Cold Coral Sea SSTs

oceans,
1993(Bureau

Meteorology,
Australia.)

1. Persistent ridging over
north-east Australia/southeast Pacific, Drought in
Queensland and over
south-west Pacific Islands.
2. Strong ridging extends
over entire continent
during 1994. Drought,
bush fires prominent;
unusually frosty cool
season.
3. Featureless zonal flow
south of Australia with few
significant troughs. Rainfall
much below normal in
winter rainfall zone.
4. Anomalous west/southwest flow over New
Zealand with cold
outbreaks during winter
and generally belownormal temperatures.
Drought in north-east part
of country.
5. Anomalous ridging and
dry trades outflow over
Indonesia creates severe
drought from A p r i l November.
6. Tropical cyclone
"Annette" (December
1994)and"Bobby"
(February 1995) produce
torrential rains and
widespread flooding in
north-west and inland
Western Australia.

1. South-west Pacific
ridging weakens, with
gradual return to normal
conditions in south-west
Pacific/Queensland. Floods
early in January, March,
and May 1996 as cold
episode develops.
2. More tropical cyclone
related flooding in northwestern and inland West.

Cold SSTs

100 E

120 E

140 E

60°E

180

160-W

•

Higher-than-normal sea-level pressure
(SLP) over, south, and east of southern
Africa which was associated with drierthan-normal conditions (despite a
reasonable 1993/94 "Wet" season and
unusually severe tropical cyclone
activity early in 1994); and
•
A regime favouring severe winter cold
outbreaks over southern South America
(however, not as severe as those
observed during 1991-93).
These anomalies persisted in most areas
through to the early months of 1995; the
exception was a change near and to the east
of New Zealand, where above-normal
SLP/height anomalies became established in
January. This was accompanied by unusually
mild conditions over New Zealand in the
next few months, with above-normal rainfall
in the northern and western regions of both
islands. Patterns near New Zealand reverted
temporarily during June/July 1995 to those
observed during most of the past few years,
with strong troughing accompanying several
major cold outbreaks over the country.
Negative height/SLP anomalies extended
westward to south-eastern Australia during
these months and, coupled with some
significant moisture influxes from tropical
areas, resulted in heavy (and effectively
drought-breaking) rains over south-eastern
Australia (Figure 2.16).
The ENSO pattern decayed completely
during the austral winter of 1995
(June/July/August) and by late spring, a

3. Active depressions
produce drought-breaking
rains and some flooding in
southern and south-eastern
Australia: May-July 1995
and October-November
1995. Extremely cool
summer 1995/96 in southeast Australia.
4. Ridging and warmer
SSTs replace troughing of
past few years. (Except
June-July 1995)
5. Very wet, due to low
SLP, stronger than normal
monsoon, November
1995-April 1996.

20

weak La Nina had become established. This
was accompanied by a gradual and rather
erratic rearrangement of the circulation
patterns over most of the southern
hemisphere. Initially, during August 1995,
there was a poleward contraction of the lowpressure belt over the Australian-Pacific
sector, with strong ridging at mid-latitudes
and very low' rainfall in Australia-New
Zealand and most of the south-western
Pacific. However, by late spring (November)
the South-west Pacific ridge weakened,
allowing much-needed rainfall into northeastern Australia and the Coral Sea. Further
south, the period from December
1995-February 1996 featured persistent
ridging over and south-east of New Zealand
(Figure 2.16) with a frequent north-easterly
flow over that country and heavy rains in
eastern North Island (after two years of
drought); this is typical of summer c editions
in La Nina. Anomalous ridging stretched
eastwards across the entire Pacific between
45°S-50°S. By April 1996. SLP patterns over
most of the South Pacific resembled the
patterns of a year earlier, with a strongerthan-normal subtropical ridge over the
central parts, and significant negative
height/SLP anomalies at mid to high latitudes
over both the far eastern Pacific and Tasman
Sea longitudes. In the latter area, a r.egative
anomaly centre extending from sout i-eastern
Australia to the Tasman Sea was
accompanied by cold conditions in southeastern Australia, but rather mild and wet
conditions in New Zealand.
Strong negative height anomalies were
observed over and east of southern South
America in the southern hemisphere winter
of 1995, accompanied by heavy rain.1 in
Chile, while east-central South America experienced a mild winter. Anomalous riciging
persisted over southern Africa throughout the
winter-early spring period of 1995
(June-September) with continued drv
weather. However, after a slow start :o the
respective "Wet" seasons, conditions turned
very wet over southern Africa and
Madagascar from late November 199s and
over southern Brazil and Paraguay from midDecember. These rains continued through
February 1996. turning drought into Jood in
both regions.

<~ Figure 2. 16
As lor Figure 2. 15, but
for March
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2. Global Circulation and Ocean Interaction

Global impacts of the El Nino Southern Oscillation
Figure 2A — ENSO
(warm episode) - related
temperature and
precipitation anomalies.
The characteristics shown
relate mostly to the
December to March
period, but in equatorial
areas to any period.
(NOAA/NWS/CPC,
Washington, D.C.)

60:N,
40JN ,

120CE

180-'

The effects of the different phases in the ENSO are
transmitted to the subtropical and extratropical circulation
primarily through the accompanying large-scale shifts in
tropical convection. Specifically, there are three major
changes in the distribution of tropical convection from the
climatological mean during these periods (Rasmusson and
Carpenter 1982). During warm episodes, there is: (i) an
eastward extension of deep convection and tropospheric
heating to the central and east-central equatorial Pacific;
(ii) an equatorward (northward) shift and eastward
extension of the South Pacific Convergence Zone (SPCZ);
and (iii) an equatorward (southward) shift of the central
and eastern Pacific Intertropical Convergence Zone (ITCZ)
toward the area of largest positive SST anomalies. These
structural changes in the SPCZ and ITCZ also contribute
to the observed concentration and amplification of deep
tropical convection along the equator in the vicinity of the
date line. Overall, these shifts in convection result in
abnormally dry conditions over northern Australia,
Indonesia and the Philippines, and abnormally wet
conditions over the central Pacific, as shown in Figure 2A. ,
In contrast, during cold episodes there is a westward
retraction of convection toward Indonesia, a poleward
and westward shift of the SPCZ and a weakening and
poleward shift of the ITCZ. These shifts of the SPCZ and
the ITCZ also contribute to the suppression of convection
over the central and east-central Pacific. Overall, these
shifts in convection result in wetter-than-normal
conditions over northern Australia and Indonesia during
the northern hemisphere winter, and over the Philippines
during the northern hemisphere summer.
The atmospheric response to these changes in
tropical convection often involves a systematic, largescale modulation of the circulation in both the subtropics
and extratropics. For example, the jet streams over the
Pacific Ocean are stronger than normal during a warm
episode and weaker than normal during a cold episode.
Also, the core of the Pacific jet stream often extends to
the extreme eastern North Pacific during ENSO and
crosses the United States of America near southern

120-W

60-W

California. In contrast, the jet stream tends to be weaker
over the middle latitudes of the north Pacific during cold
episodes and tends to cross North America over the
Pacific North-west or south-western Canada. These
changes in the Pacific jet stream contribute to anomalous
circulation patterns across the eastern Pacific and North
America and to large departures from normal in the
location and strength of the extratropical storm tracks and
frontal systems. These overall changes in the circulation
then result in temperature and precipitation anomalies in
many regions which can persist for many months.
By studying past warm and cold episodes, scientists
have discovered precipitation and temperature anomaly
patterns more widely around the subtropics and
extratropics that are consistent from one episode to
another (e.g., Ropelewski and Halpert 1987, 1989 and
Halpert and Ropelewski 1992). These anomalies are most
apparent during the northern hemisphere winter season
when the mature phases of the warm and cold episodes
are most evident.
As shown in Figure 2A, primary rainfall anomalies during a
Pacific warm episode include: (i) drier-than-normal conditions
over south-eastern Africa and northern Brazil; (ii) wetter-thannormal conditions along the west coast of tropical South
America and at subtropical latitudes of North America (Gulf
Coast) and South America (southern Brazil to central Argentina);
and (iii), during the northern hemisphere summer a weakerthan-normal Indian monsoon rainfall, especially in
north-western India, where crops are adversely affected.
Primary temperature anomalies in the northern hemisphere
winter season during ENSO include warmer-than-normal conditions throughout Alaska, western Canada, and the extreme
northern portion of the contiguous United States of America,
and in Japan, south-eastern Australia, and in southern Brazil.
Cold episode anomalies tend to be the opposite of
those for warm episodes at many locations: additionally,
there is abnormal warmth and diyness during the
northern hemisphere winter season in the south-eastern
United States of America, and abnormal coolness in
western and south-eastern Africa.
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Chapter 3

Temperature and Precipitation
Record Warmth
3.1 Global and hemispheric
temperature trends
Since the last study period (June 1991—
November 1993) surface air temperatures
(measured by land stations and represented
over the ocean by sea surface temperatures
from ships and buoys) have continued their
recovery from the relatively cool years of 1992
and 1993 as the effects of the aerosols from
Mt.Pinatubo have waned. Figure 3.1 shows time
series of global and hemispheric temperatures,
expressed as departures from the normal for a
new base period. 1961-90. The recoveiy was
complete by 1995 when surface temperatures
reached a new peak of 0.38°C above normal.
The previous warmest year since comparable
records began in 1861 was 1990. which had an
anomaly of 0.35°C compared to the new
normal. Continuing the trend since 1989, the
rise in temperature has been greater in the
northern than in the southern hemisphere.

Precipitation anomaly

Temperature anomaly
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Annual temperature anomalies

Regional temperature and precipitation
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.;. Temperature and Precipitation — Record Warmth

The warmest seven years of the record
have all occurred since 1982. In descending
order of anomaly they are estimated to be
1995 (0.38°C above normal), 1990 (0.35°C),
1991 (0.29°C), 1994 (0.26°C). 1983 (0.25°C)
1988 (0.24 °C) and 1987 (0.23°C). If the
Mt.Pinatubo eruption had not occurred it
seems quite likely from our current
understanding of its effects on temperature
(Hansen, et al., 1992; Parker, et al, 1996) that
the six warmest years of the entire record
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3.2 Regional temperature
and precipitation series
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Trenberth, 1997). These instruments measure
the temperature of the atmospheric column
up to about 250 hectopascals with the
greatest region of influence on the
measurement from near 750 hPa (~3 km).
The surface instruments and lower
tropospheric (satellite) estimates do not
measure the same quantity; not surprisingly.
the influence of Mt. Pinatubo is calculated to
be different (Hansen, et al., 1995). with more
tropospheric than surface cooling.
Temperature anomalies for individual years,
their rankings and recent trends differ
appreciably; an assessment of the
relationship between surface and upper air
temperature trends is given on page 30 and
Nicholls, et al, 1996.
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would have occurred in the last six years.
Recent work (e.g. Jones, et ai. 1997) has
begun to address the accuracy of hemispheric
and global temperatures (see page 29).
Figure 3-1 and the above comparisons
relate to the surface. Estimates of relative
changes in global temperature in the
troposphere have been obtained from
satellite-borne instruments since 1979,
although the accuracy of some estimates has
recently been challenged (Hurrell and

Figures 3.2a and 3.2b show annual time series
for a selection of regions of the world,
covering all six continents and most marine
regions. Temperature and precipitation are
shown for each defined zone, except for cases
in Figure 3.2b which are temperature only.
The majority of the temperature series
have been produced using grid box temperature data (see page 29) compiled from land
temperatures (Jones, 1994) and marine data
from the Hadley Centre (Parker, et ai, 1994,
1995). All series are anomalies from 1961-90.
For precipitation, many of the same regions
have been used using the Hulme (1994) data
set. The method of averaging the grid boxes
together for precipitation uses the standardized anomaly index method of Jones and
Hulme (1996) with the data transformed back
to absolute totals in mm. The series are
expressed as anomalies in mm with respect to
the 1961-90 average, except for the Japanese
series where percentages of normal are used.
Most of the regions show long-term
warming, which would be expected as they
are a subset of Figure 3.1. Both regions of
Siberia show dramatic recent warming, with
the 1995 value unprecedented. The warmth
of the last decade is a record in Australia and
Japan, and at near-record levels in Alaska/
north-western Canada, southern South
America, southern Africa, north-western
Europe, the El Nino region, the tropical
Indian Ocean and the Antarctic Peninsula. In
contrast, the southern Greenland region has
been cooling for more than 50 years and
temperatures now are only marginally warmer
than in the second half of the 19th century.
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The precipitation series show" fewer longer
timescale trends, although year-to-year
variability is often larger. Of particular note
has been the recent chyness in southern
Greenland and southern Africa, the dryness
in 1995 in Alaska/north-western Canada and
in 1994 in Japan. Some recovery in
precipitation in Sahelian Africa is evident after
the mid-1980s.
As would be expected, there is little
correlation between temperature and
precipitation time series in the same region.
Correlations would be expected to be larger

<- Figure 3.2b
Temperature anomaly
lime series for six
additional oceanic and
Antarctic regions.
(Climatic Research Unit,
University of East Anglia
and Hadley Centre, UK
Meteorological Office, j
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Figure 3.3 -^
Annual temperature and precipitation around
the world in 1994.
(a) surface temperature as anomalies from
1961-90 means; and
(bj surface temperature as percentiles with
respect to 1961 -90, and (cj precipitation as
percentages of average for 1961-90.
(Hadley Centre; UK Meteorological Office;
Climatic Research Unit, University of East
Anglia; and GPCC, Deutscher Wetterdienst.j
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on the seasonal timeseale, but as relationships
are often of the opposite sign between the
extreme seasons, annual temperature/
precipitation relationships are weak.

Figure 3.4
Annual temperature and precipitation around the
world in 1995, (aj surface temperature as
anomalies from 1961-90 means; (bj surface
temperature as percentiles with respect to
1961 -90, and fcj precipitation as percentages of
average for 1961-90. (Hadley Centre. UK
Meteorological Office; Climatic Research Unit,
University of East Anglic; and GPCC, Deulscher
Wetterdienst.l J<
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3.3 Annual global spatial
distribution of temperature and precipitation
for 1994 and 1995
Figures 3-3 and 3-4 show the annual
temperature and precipitation patterns for
the two complete years in the review period,
1994 and 1995. The temperature maps have
been produced the standard way as
anomalies with respect to 1961-90, but for
comparison and to assist with the maps in
the next section they are also plotted as
percentiles (see page 33) from the base
period 1961-90. Here the two methods are
directly compared. The standard method
places the greatest emphasis on regions
(generally continental interiors) with the
largest magnitude temperature departures,
whereas the percentile version emphasizes
the rarity of the temperature at each
location: the more extreme the percentile,
the more unusual is the year. Nineteen
ninety-five was the warmest year yet
recorded and in terms of anomaly magnitude
was warmest over northern Eurasia and
northern North America. In percentile terms
the year was anomalous also in many midlatitude and tropical areas. Nineteen ninetyfour was less extreme and the cool areas of
the tropical Atlantic and the south-western
Pacific oceans stand out in the percentile
version.
The global annual precipitation
anomalies have been derived from datasets
held by the Global Precipitation Climatology
Centre (WMO, 1995). The diyness shown in
south-eastern Africa, Australia, Indonesia and
the Philippines in 1994 was followed by
some increase in rainfall in 1995, reflecting
correlations with ENSO described in Chapter
2. Other notable features include the swath
of above-normal precipitation in 1994 from
western Europe through northern parts of
European Russia to the Asian interior; the
wetness in southern parts of the United
States of America in 1994 (followed by drier
conditions a year later); above-normal
precipitation in southern China in 1994; the
199^ drought in central China and Japan; the
general increase in diyness in South America
over the two years; and continued diyness
in southern Greenland. Over data-sparse
areas such as the Sahara, large anomalies
must be treated with caution due to data
sparsity and the large impact of a short
period of heavy precipitation.
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3.4 Seasonal spatial distribution of temperature
for winters and summers
1993/94 to 1995/96
Figures 3-5 and 3.6 show maps of temperature
percentiles for the five seasons December/
January/February (DJF) 93/94, DJF 94/95, DJF
95/96, June/July/August (JJA) 94, and JJA 95.
All seasons have a preponderance of
percentiles >50 per cent (see page 33). The
season with most values below the 50
percentile is DJF 93/94, a time when the world
was emerging from the cooling effects of the
1991 eruption of Mt.Pinatubo. In the eastern
and central tropical Pacific, the end of the
ENSO warm episode is clearly seen with warm
conditions in DJF 94/95 replaced by a cold
tongue near the equator in the eastern equatorial Pacific in mid-1995. By DJF 95/96
percentiles <50 per cent existed throughout
most of the tropical eastern Pacific, though
with very warm percentiles >98 per cent near
the South Pacific Convergence Zone extending
from New Guinea to north of New Zealand.
Another feature of DJF 95/96 is the relative
coldness of winter over much of Europe and
south-western Siberia compared to the previous two winters. Other notable features are
the extreme warmth of the European summer
of 1994, with a large area of percentiles >98
per cent, and an even larger such area in
summer 1995 over the North Atlantic, when
Europe was also mostly very warm. A wellknown tendency for cold conditions south of
Greenland in recent years is less evident in
DJF 95/96. By contrast, very cold sea surface
temperatures developed south of New
Zealand and to a lesser extent south of southeastern Australia in 1995, (with values in a
few areas below the 2nd percentile in
December 1995-February 1996).

Average temperatures were 4 to 6°C above
the 1961-90 normal over central Europe, and
were the highest ever recorded at
Copenhagen (records back to 1874), Brussels
(1833) and Hamburg (1851). Hamburg was
2°C warmer than any other July. Skies were
exceptionally clear and record high sunshine
amounts were recorded with little or no
precipitation measured in many areas.
Temperatures in excess of 38°C were
recorded at some sites in France, Germany,
Poland and Hungary, with the record going
to 46.1°C at Murcia in south-eastern Spain.
180'

90°W

Figure 3.5
Surface tempe'atures
around the wcrld for
(aj December 1 993February 1994;
Ibj December 1994February 1995 and
(cj December 1995February 1996
expressed as percentiles
with respect fc the
period
1961-90.
(Hadley Cent, 9, UK
Meteorological Office
and Climatic Research
Unit, Universii • of East
Anglia.j 4<
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3.5 Seasonal extremes
3.5.1 European summers in 1994
and 1995
Both summers were very hot and dry,
particularly during July and August. In 1994
the extremes of heat were located in central
and eastern Europe, encompassing Sweden,
Denmark, Germany and Poland, while in
1995, the principal warm areas were further
west from the British Isles to Spain.
New record high temperatures were
recorded at many sites during July 1994.
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Figure 3.7
Temperature maxima
over Spain during July
21-25, 1995, °C.
(Instituto Nacional de
Meteorologia, Spain.j 4*
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Figure 3.6 t
Surface temperatures around the world lor
faj June-August, 1994
(bj June-August, 1995 expressed as percentiles with
respect to the period 196 1-90. (Hadley Centre. UK
Meteorological Office and Climatic Research Unit,
University of East Anglia.j

The heatwave gradually broke from the west
but September and October both remained
much warmer than average in south-eastern
Europe and the Middle East.
July and August 1995 saw long-established temperature records broken in the
British Isles and the Iberian Peninsula. New
maxima were set after mid-July at Cordoba,
Spain with 46.6°C and Amareleja, Portugal
with 46.5°C (Figure 3-7), with night minima
not dropping below 25°C. Further north, in
the British Isles, August was the warmest such
month, with temperatures 3.4°C above the
1961-90 average. As July had been 2.5°C
warmer than average, the combined two
months were the warmest since the Central
England temperature record began in 1659From Ireland to Germany, the two months
were exceptionally dry. Over England and
Wales the summer (JJA) was the driest in a
homogenized record that starts in 1766 (Jones
and Conway, 1997). An index of the "goodness of the summer" in Ireland including
temperatures, precipitation and sunshine indicated that 1995 was the best Irish summer
since 1880. Away from this region, northern
Norway recorded a cool and wet summer. It
was very wet in south-eastern Europe from
Italy to Turkey. Later in the year, many of the
same parts of western Europe recorded their
warmest-ever Octobers (for example
Copenhagen, Denmark and Sonnblick, an
Austrian mountain observatory, where records
began in 1874 and 1885 respectively).

3-5.2 Contrasting European winters
in 1994/95 and 1995/96
The 1994/95 winter over much of Europe
and Siberia was typical of many recent
winters in the region. With the North Atlantic
Oscillation (NAO) strongly positive, westerly
flow brought mild maritime air across the
whole continent, except the extreme south.
Typical weather occurred with this type of
circulation feature (Hurrell, 1995, 1996),
northern and central parts being wet and
anomalous warmth increasing towards the
north-east. In the Mediterranean, it was
much drier than normal and colder than
normal in the south-east.
In 1995/96, the first strongly negative
NAO in more than 15 years (with lower-thanusual pressure from the Azores to Portugal
and higher-than-usual pressure over Iceland)
reversed the situation. Copious rains in Spain
and Portugal broke the region's drought. The
contrast between the distribution of winter
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precipitation over Europe could not have
been greater (Figure 3-8). Further north, the
lack of westerlies led to cool and dry
conditions for much of the continent. In
many regions, it was the coldest winter since
the 1960s. However, unlike the 1960s, there
was relatively little snow cover in some areas,
allowing penetrating frosts to enter the
ground. Figure 3-9 illustrates this for Potsdam,
near Berlin, and contrasts this with other
notable cold northern winters this century.
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3.5.3 China and Japan
Both winters 1993/94 and 1994/95 were
warmer than normal over much of China and
Japan. All nine winters since 1986/87 have
been warmer than the 1961-90 average.
The 1994 summer was much warmer
than normal over central and northern
China and over Japan. Many sites in both
countries experienced their warmest
summer although overall, China was cooler
than in 1978. Hangzhan, Zhejiang had
maximum temperatures of over 35°C for 54
days in the June to August period. Even in
northern China, at the station at Mohe the
temperature reached 38°C in July, a new
record. The July mean temperature at
Shanghai was a new record with 30.4°C.
Records for this site extend back to 1873.
A severe drought affected central China (as
described in Chapter 4). October 1994 was
the warmest ever recorded at 52 of 144
stations in Japan. Autumn 1995 was also
anomalously warm in eastern China. A new
record temperature of 38.2°C was set for
Shanghai in September.

3.5.4 Australia and New Zealand
The prolonged ENSO caused much of
Australia to be dry in 1994, particularly
during the autumn — March/April/May
(MAM) — which was the driest ever in many
regions. In temperate southern areas, the
westerlies were displaced to the south and
exceptionally clear skies prevailed. This led
to frequent frosts during the winter with
very low minimum temperatures. A new
record low for the country was set at
Charlotte Pass (1755 m) in the Alpine area
with -23.0°C in late June 1994.
The following year was generallydifferent in nature as the ENSO influence
began to fade. The 1994/95 "Wet" started
late but resulted in one of the wettest
Januarys on record at Darwin. Winter 1995
(May/June/July) rains in the south-east and
28
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late-year rains in the north-east eased the
drought, although deficiencies continued to
affect some inland parts of Queensland.
Some prolonged dry spells still occurred
and, for the first time since records began
in 1859, Sydney recorded a month with no
precipitation in August 1995.
In south-eastern Australia, the summer of
1995/96 was one of the coldest on record,
contrasting markedly with the previous
summer. However, February 1996 saw a
record heatwave in Perth in the south-west of
Australia, resulting from persistent northeasterly winds. Copious precipitation, consis-
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<- Figure 3.9
The depth of host
penetration (cm} during
three winters 1 928/29,
1946/47
and
1995/96} c Potsdam,
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Calculation of hemispheric and global temperatures and
estimation of sampling errors
Global, hemispheric and regional scale temperature series
and maps used in this chapter are calculated from a
combination of two datasets, land-based air temperature
and ship- and buoy-based sea surface temperatures
(SSTs). The basic data are expressed as anomalies from
1961-90 and are available on a 5° x 5° grid box basis
(Nicholls, et al, 1996; Jones, 1994; Folland and Parker,
1995 and Parker, et al. 1994. 1995). The purpose here is
to briefly summarise the constituent data and give some
assessment of the sampling errors in the resultant series.
Analyses reported in previous biennial reviews have
used other base periods such as 1951-80 and 1951-70. It
is necessary to change the period to ensure data from
regions where instrumental recording has more recently
begun, particularly in the tropics and Antarctica, can be
used without resorting to adjustment procedures.
Regional and global anomaly time series produced using
the new reference base will be very highly correlated
with earlier analyses. They will not, however, represent
simple offsets from the earlier results because of missing
data in the two base periods and spatial differences in
temperature change where stations, whose data are used,
change between the earlier and the present base period.

time, observations mainly come from ship engine intake
measurements and better insulated buckets and buoys.
Over the ocean, anomalies are first averaged into 1°
latitude by 1° longitude boxes for five-day periods; the
anomaly for a given observation is calculated from a
1° x 1° climatology. The five-day 1° box anomalies are
then aggregated over 5° x 5° boxes for the whole month,
with outlying values rejected and a monthly box average
anomaly calculated.

Merging of the data for land and marine
components
For those 5° squares which contain both land and sea,
an anomaly value is determined from either or both (if
available) of the terrestrial and marine data sets. If both
are available, a weighted average is calculated. The
weights are the proportion of land/ocean in the 5° box,
ensuring that the land fraction is at least 25 per cent.
This means that data from an oceanic island receive a
much larger weight than its land fraction might suggest
as they probably give a better estimate for the box than
a limited number of SST observations.

Quality Control

Calculation and errors of regional,
hemispheric and global averages

For terrestrial regions, the source of the basic station
data is Jones (1994). Station data for more than 2 500
sites are used in the analysis with the period of the
highest numbers of stations being 1951-80. However,
since 1991 data from only 800 to 1 000 stations are used.
For a station to enter the analysis it must be considered
homogeneous (i.e. the variations in temperature
apparent in the record must be solely due to climate and
not due to station relocations, procedural changes or be
affected by urbanization-related problems) and have at
least 20 years of monthly data from the 1961-90 period.
Station data departing from the monthly mean by more
than four standard deviations are either accepted,
corrected or rejected depending on the departure values
at neighbouring stations. Anomaly values are used to
allow for the different elevations of stations and possible
different methods of calculating monthly means for each
box. If anomalies were not used, corrections to a
common base such as sea level would be required. The
grid box value is the average of all available station
anomaly values in the box for each month.
The marine data, excluding satellite data, are
described in Parker, et al. (1994) and Folland and Parker
(1995). They comprise about 80 million SST observations
from the UK Main Marine Data Bank, the Comprehensive
Ocean Atmosphere Data Set (COADS) and recent
information from the World Weather Watch. These
obseivations have also been checked for homogeneity
and have been corrected for the use of uninsulated
buckets for collecting sea water prior to 1940. Since that

For a selected region, the 5° latitude/longitude grid box
anomalies are averaged. Boxes are weighted by the
cosine of their central latitude to allow for the smaller
areas of polar boxes compared to tropical ones. The
much greater spatial conformity of anomalies means that
long regional time series are relatively unbiased even if
data for a part of the region were not available for part
of the analysis period.
There are two kinds of errors to consider — instrumental and sampling errors. Instrumental errors in an
individual monthly station record are of the order ±0.2°C
while an individual SST observation might be in error by
±1°C (Trenberth, etal, 1992). Such errors for adjacent
boxes are likely to be unrelated to one another and will
therefore cancel as either the number of observations or
the region increases in size. Sampling errors in time series
calculations relate to the number of 5° boxes in the region.
Each individual box has a temperature error dependent
upon the number of contributing stations or SST measurements, the station-to-station variability in the box and the
year-to-year climate variance in the box average. These
errors are not unrelated between boxes and the cancelling
effect of averaging is less effective (see Jones, etal., 1997).
These errors also depend on timescale. For example, for a
year since 1951. the two standard errors (within which 95
per cent of calculations should fall) for the global average
on the interannual timescale is estimated to be 0.11°C and
on the interdecadal timescale 0.08°C. For earlier periods,
these errors increase, being roughly twice this size for
years/decades before 1900.
29

Comparison of upper-air and surface temperature trends
Adapted

horn a contribution

Tropospheric and stratospheric temperatures
have been measured by radiosondes with a
widespread but very incomplete network for
several decades. The network is sufficient to
give representative estimates of seasonal
temperature anomalies for the northern
hemisphere since 1958, but only since 1965
for the southern hemisphere in which vast
gaps remain, especially over the oceans
(Parker and Cox, 1995). The vertical
resolution is good up to about 50hPa, so
that profiles of global, hemispheric and
some zonal-mean trends can be constaicted.
By contrast, the satellite-borne Microwave
Sounding Units (MSUs) give full global
coverage, but they have operated only since
1979 and they have much coarser vertical
resolution (Figure 3A). The MSU channel 2R
retrieval (Spencer and Christy, 1992) is most
sensitive to temperatures around 750 hPa;
channel 4 ("MSU4") (Spencer and Christy,
1993) is most sensitive to temperatures
around 75 hPa. in the lower stratosphere.
The surface temperature record is comprised
of land-station data (Jones, 1994) and sea
surface temperature (SST) observations from
ships and buoys (Parker, et al., 1995). There
are data-voids over the southern oceans, the
Arctic Ocean, Antarctica and some tropical
continental areas, but the coverage is
markedly better than for radiosondes.
Homogeneity and bias problems with all
three datasets are addressed in the given
references with additional MSU problems
considered in Christy et al, 1995. As
mentioned in Section 3.1, some controversy
exists about the accuracy of trends derived
from MSU 2R measurements.
Figure 3B(a) shows smoothed sequences
of seasonal temperature anomalies for the
northern hemisphere for the surface and for
the lower troposphere using MSU 2R data
from 1979, and synthesized MSU 2R data
derived from weighted radiosonde
information from 1958. The series end at
September-November 1996. Figure 3B(b)
shows stratospheric trends from actual and
synthetic MSU 4 data. Figures 3B(c) and
3B(d) show the southern hemisphere trends
since 1965. Radiosonde data for Australia and
New Zealand have recently been adjusted,
especially for the lower stratosphere, to
counter instrumental changes, using satellite
output as a reference (Parker, et al., 1997).
There can be real differences between
surface and tropospheric trends:
30

by D.E. Parker, Hadiey

Centre,

UK

•
Global surface temperature is most
sensitive to winter conditions over the
northern continents, whereas global midtropospheric temperatures are generally
more sensitive to conditions in tropical and
oceanic regions (see also Hurrell and
Trenberth, 1996). The recent warming has
been greatest over the northern continents
(Nicholls, et al, 1996) owing to enhanced
westerlies in winter.
•
Tropospheric temperatures, as global
averages, are more sensitive than surface
temperatures to El Nino/La Nina events and
volcanic eruptions. So tropospheric and
surface temperature trends calculated over,
say, 20-year periods may differ markedly.
<- Figure 3A
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Figures 3B(a) and 3B(c) each indicate
opposite trends (of similar magnitude)
between northern hemisphere surface
(warming) and southern hemisphere
troposphere (cooling), especially since
around 1980. However, after removal of
transient biases caused by ENSO and
volcanic eruptions, the real difference
between the trends appears to be a
warming of the troposphere which is less
than that at the surface by only 0.08°C per
decade, measured over 1979-95 (Nicholls,
et al, 1996);
Recent losses of stratospheric ozone
are expected to have cooled the
troposphere more than the surface.
Hansen, et al. (1995) suggested a difference
of 0.03°C per decade.
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<- Figure 3C
Vertical profiles of linear trends (°C/decadej of
global anomalies based on surface data,
radiosondes and MSU. Values for MSU retrievals
and radiosonde-based simulations of MSU are
ascribed to the pressures at the peaks of their
weighting functions. Blue, referenced to pressure
levels; red, references to fixed geopotential heights,
[fiadley Centre, UK Meteorological Office)
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Figure 3C shows vertical profiles of
linear trends of monthly global temperature
anomalies, for 1979-96 and 1965-96. Results
for the MSU and for radiosonde-simulated
MSU are ascribed to heights of the peaks of
the weighting functions. The consistency of
the surface trends with downward
extrapolation of the radiosonde trends is
clear. Differences between radiosonde and
MSU are thought to result largely from
radiosonde instrumental effects in the
stratosphere and from the incomplete
sampling by the radiosondes. The figure
shows an acceleration in stratospheric
cooling since 1979, and a reduction in
warming in the troposphere.
A more subtle sampling issue arises from
the difference between trends referred to as
pressure levels, as is usual for radiosondes
and MSU, and trends for fixed heights, which
include the surface. Temperature changes at a
pressure level include the effects of adiabatic
heating or cooling owing to height changes
arising from the expansion or contraction of
the atmosphere. If the atmosphere below a
given pressure level warms, then the pressure
level will rise, resulting in a reduction of the
warming measured at that pressure level. The
converse will occur if there is cooling.
Temperatures measured at a fixed height will
not experience this effect. Figure 3C includes
trends with these effects removed. A lapse
rate of 7°C per km has been assumed. The
biggest changes are increases of trend of
about 0.05°C per decade between 300 and
100 hPa for the period 1965-96. MSU2R
warms by an extra 0.012°C per decade during
1979 to 1996 when the adiabatic effects are
removed. Hansen, et al, (1995) have
suggested that the impact of plausible humidity changes is negligible.
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31

tent with La Nina conditions, fell over much of
northern and eastern Australia in the southern
autumn of 1996 (see Chapter 5 on flooding).
In New Zealand, both 1994 and 1995
saw a return to warmer conditions than
those of 1992 and 1993- However,
temperatures were still close to the 1961-90
levels and, although there were some warm
months, especially on the North Island, a
succession of cold outbreaks affected both
winters. In 1995. snow fell over much of
South Canterbury and the Otago Plain,
leading to the lowest temperature ever
recorded in the country (-21.6°C at Ophir
in July). Snow fell in parts of the North
Island, lying at Rotorua for the first time in
living memory. Later, in September 1995.
another cold outbreak led to the loss of
50 000 lambs.
Precipitation patterns were generally
consistent with ENSO conditions. It was
very wet in most of the South Island in
1994 and 1995. but dry in 1994 in the
north-eastern part of the North Island.
Some exceptional totals were measured in
the south-west of the South Island. Collier's
Creek, near Hokitika. recorded 2 600 mm in
January 199-4. the second highest monthly
total ever recorded in New Zealand, while
Milford Sound had 538 mm in one 24-hour
period. In contrast, 1994 was the driest on
record at Napier in Hawke's Bay. with only
54 per cent of normal precipitation.

3.5.5 Brazil
Recent rainy seasons (March-May) in the
north-east of Brazil have produced normal
precipitation amounts. The 1996 season was
wetter than normal partly due to the La Nina
conditions in the Pacific and greater
convective activity from the south due to
warm sea surface temperatures over the
south Atlantic Ocean (e.g. Ward and Folland,
1991). Further south in this season, intense
and persistent precipitation caused serious
flooding. In the south of the country, frosts
were reported only during June and July
1994.

3.5-6 Russia
Taking the country as a whole. 1995 was
the warmest year ever. 0.8°C warmer than
the previous warmest year of 1990. The
warmest region was Siberia, where some
sites were between 3 and 4°C above the
1961-90 average. Generally, all seasons had
considerably higher-than-normal tempera32

tures. The 1994/95 winter was warm everywhere, with February having anomalies of
+ 12°C in the Ural Mountains. Spring 1995
was warm in western Siberia and European
Russia; dramatic impacts were reported on
river ice breakup (Chapter 8). Summer
remained hot in European Russia with
extensive reductions in precipitation. In
Astrakhan, on the northern shores of the
Caspian Sea, there were 25 successive days
with temperatures in the 30-38°C range.
Autumn was warm in southern parts of the
country from the Volga region to southern
Siberia.
The previous year was markedly
cooler, particularly during the winter of
1993/94, but also over European Russia in
the summer of 1994. However, large parts
of Siberia were warm from May to the end
of the summer.

3.5.7 Western United States of
America
Paits of California recorded twice their
normal precipitation amounts in January
1995 and the 1994/95 wet season broke the
longstanding drought that had been
exacerbated by the very dry conditions in
the 1993/94 wet season. Dryness returned
in 1995/96, a change related to the onset of
the Pacific cold episode (La Nina) as
described in Section 2.1. Figure 3.10 shows
a comparison of precipitation amounts in
the 1993/94 and 1994/95 wet seasons.

t Figure 3. M
Percentage or normal
precipitation
California for (oj the
1993 (Ociobxj to
/ 994 {April) vet season;
{b) the 1994/95 wet
season; and ':j total
precipitation inmj during
January 199:
lNOAA/NV\-S,/CPC,
Washington, D C.
reprinted frorr Halpert et
al., Bulletin o tie AMS,
Volume 77, No. 5.)

Temperature and Precipitation — Record Warmth

Temperature anomaly percentiles
Adapted from a contribution by C.K. Folland, Hadley Centre, UK

A good way of showing how a temperate
anomaly is ranked relative to expectations
from climatology is to convert the anomaly
into a percentile. Calculations are carried out
only where there are sufficient data in either
the reference period or the period being
assessed to calculate a reliable anomaly.
Thus, the 10th percentile is the value of the
temperature anomaly for which 10 per cent
of anomalies were assessed to be colder.
Percentiles of temperature are calculated
using an integrated dataset of monthly 5°
latitude x 5° longitude land surface air
temperature and sea surface temperature
anomalies from a 1961-90 climatological
average (Jones, 1994, Parker, et al.. 1995).
Seasonal anomalies are calculated for a grid
box if at least one constituent monthly
anomaly is available. Annual values are
calculated only if all four constituent
seasonal values exist. Finally, only grid
boxes with >20 anomalies out of the maximum of 30 possible during the 1961-90
reference period have percentiles calculated.
The distribution of temperature anomalies
is expected to be skewed in some regions,
especially on monthly and seasonal time
scales. So a three-parameter Gamma
distribution is used to fit the anomaly data
(Walpole and Myers, 1978). Tests of the fit of
grid box gamma distributions against empirical
estimates of the distributions show generally
very good agreement, though empirical
estimates cannot be used reliably for the
extremes. Most annual grid box values have a
distribution that is not significantly different
from normal. Morton (1998) gives details.
Figure 3D shows how the areal fraction
of 10th and 90th percentile annual
temperature values has changed globally over
the last 45 years. Superimposed on substantial
interannual variability is the sharp rise in
values warmer than the 1961-90 90th
percentile in the last decade with a matching
reduction in the values cooler than the 10th
percentile. This shows that the percentile
method is a very sensitive indicator of climate
variations or changes. A temporary reduction
of values warmer than the 90th percentile and
an increase in values cooler than the 10th
percentile, associated with eruption of
Mt. Pinatubo. can be seen in 1992 and 1993The table below compares the
percentage of gridded values exceeding

various percentiles calculated from 1961-90
data for the five extreme seasons considered
in this chapter, summed over the globe. All
seasons have more than the expected number
of grid boxes with high (warm) percentiles,
reaching twice that expected at the 70th
percentile level in June-August 1995 and
more than five times that expected at the 98th
percentile level in several seasons. December
1993-February 1994 shows lower numbers of
warm percentiles and is the only season with
more than the expected number (3 per cent)
of veiy cold, less than 2 percentile, values.
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Chapter 4

Drought
4.1 Introduction
Droughts continue to occur over many parts
of the globe in varying degrees of severity
and duration. In many regions, droughts are
rooted in the global ocean-atmospheric
circulation variations, some of which occur
dramatically in association with El
Nino/Southern Oscillation (ENSO) episodes.
The warm episode of ENSO has been
shown to be associated with droughts in
many parts of the globe, notably Indonesia,
southern Africa, Australia and north-eastern
Brazil. The actual physical, causal
mechanisms are not fully understood at
present. It is also important to note that in
other areas that are prone to droughts, e.g.
Europe or the Sahel in Africa, droughts are
not well correlated with ENSO events.
Nations experience considerable
distress during drought occurrences. Mass
starvation, famine and cessation of
economic activity — particularly within the
Figure 4.1 -^
Precipitation anomalies
(mm) over southern Africa
for November
1994-March
1995.
Anomalies are departures
from the 1961-90 wet
season means.
{NOAA/NWS/CPC,
Washington, D.C.
Reprinted from Halpert et
ai, Bulletin of the AMS,
Vol. 77, No. 5.1
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Figure 4.2 -^
Precipitation anomalies
[mm] over the northeastern United States of
America for
March-August 1995, as
departures from the
1961-90 base period
means.
INOAA/NWS/CPC,
Washington, D.C.
Reprinted from Halpert et
al., Bulletin of the AMS,
Vol. 77, No. 5J
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developing world where economies are
mainly tied to agriculture — are some of
the adverse impacts of drought. Disasters
caused by drought are also strongly affected
by such diverse factors as poor agricultural
practice, increase in population density and
the country's inability to provide alternative
supplies of food, water and employment.
However, the development of long-lead
seasonal climate forecasts can improve early
warning systems, so that the occurrence of
a drought will not be such a shock to
communities. The increasing availability of
seasonal forecasts will help mitigate the
negative effects of drought.
During the review period, December
1993 to May 1996, droughts occurred in every
region of the world, including parts of North
and South America, southern Africa, Australia,
western and southern Europe, China and
some areas in Malaysia, Indonesia, Pakistan
and India. In most of the regions where
drought is most closely associated with the
ENSO phase, rainfall returned to near normal
as the ENSO conditions declined. The
sequence of warm episodes, which started in
1990, finally relented during 1995. However,
the transition from drought was neither
abrupt nor uniform, with dry conditi >ns
lingering in north-eastern Australia a id
Namibia, as well as the south-west of the
United States of America.

4.2 Droughts in Africa, major
impacts in the south
Drought struck north-western Africa and the
Middle East during 1995. In the north-west of
Africa, well-below-normal rainfall w; s
recorded across the region during the periods
from January to early Febaiaiy, and from late
March to May, adding to long-term moisture
deficits throughout much of Morocco, Algeria
and Tunisia that had started in November
1994. By mid-February 1995, dams in
Morocco held only 30 per cent of capacity.
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•
•

-2.00 and below
(extremely dry)
-1.50 to -1.99
(severely dry)
-1.00 to-1.49
(moderately dry)
-0.99 to +0.99
(near normal)
+1.00 to+1.49
(moderately moist)
+1.50 to+1.99
(very moist)
+2.00 and above
(extremely moist)

Less than 50 per cent of normal precipitation
was measured from 1 November 1994 to 25
June 1995 across northern and western
Morocco, central Tunisia and much of central
and north-eastern Algeria. Long-term
shortages remained until surplus November
and December precipitation fell over most of
the region, which mirrored the situation in
south-western Europe.
In southern Africa, the 199+95 rainy
season was reminiscent of 1991/92. when a

earnest in the 199V95 rainy season. Several
rainfall deficits over most of the sub-region
resulted in extensive crop failures in
Swaziland, southern Zambia and parts of
Zimbabwe and South Africa. Consequently,
national drought emergencies were declared
in Lesotho, Botswana. Namibia. Swaziland.
Zambia and Zimbabwe. The drought relented
in the 1995/96 season, except in parts of
Namibia. Good rains started in northern and
eastern South Africa, Swaziland, Lesotho,
parts of Botswana and Zimbabwe in
December 1995, progressing northwards to
reach Ethiopia in March 1996. As a result,
there was a tremendous recovery in grain
output across most of southern Africa.
In the Sahelian region as a whole,
rainfall appeared to return to near normal
after a long period of subnormal values
(see Figure 3.2a); the 1994 wet season was
reported as being the wettest in 30 years in
the west, with some flooding in Niger
leaving more than 100 000 homeless.

4.3 America
4.3.1 North America — Extensive
dryness in the north-east, then
in the south-west
Figure 4.3 t
Standardised
Precipitation Index for
I October, I995 to 30
June, 1996 for the
United States of
America. The index is a
measure of the difference
of precipitation from the
long-term mean divided
by the standard
deviation' negative
values indicate drought.
IWRCC, NDMC and
NCDC, NOAA, USA.j

devastating drought crippled agricultural
production. During 1994/95, large sections of
Mozambique. Zimbabwe, Botswana and
Zambia received scant rainfall, with the
western areas of this region being the worst
affected. Overall, rainfall totals during the
1994/95 rainy season were significantly
below normal over large portions of southern
Africa and Madagascar (Figure 4.1). Rainfall
deficits exceeding 150mm were observed in
northern Namibia, south-eastern Angola,
much of Botswana, Zimbabwe, Mozambique,
the southern two-thirds of Madagascar, and
the north-eastern section of South Africa. In
many of these regions, the observed rainfall
totals were generally 50-75 per cent of
normal, while in central Namibia the totals
were only 25-50 per cent of normal.
Since the 1991/92 drought that wreaked
havoc with most economies of southern
Africa, recovery has been rather slow. After a
short respite during the 1992/93 rainy season,
there has been a virtual persistence of
drought in sympathy with ENSO. For
instance, there was a 17 per cent fall in the
corn harvest in 1993/94 compared to the
1992/93 season yield, as most countries in the
region suffered a climatically unfavourable
growing season. The drought returned in

During August 1995 moderate to severe
drought conditions developed across the
north-eastern quarter of the United States of
America (Figure 4.2). These conditions
developed in response to a combination of
severe precipitation deficits and excessive
heat during the month, which exacerbated
long-term diyness that had persisted since
mid-March and. in some areas, since
October 1994. The drought can be attributed
to the eastward displacement of the upper
level riclge which normally dominates the
central United States of America during
August and of the troughs normally
positioned along the Pacific and Atlantic
coasts. During August, the mean ridge axis
became centred over eastern North America,
forcing rain-bearing mid-latitude disturbances
northwards towards central and eastern
Canada. What are normally the north-eastern
United States' rainy months produced little
or no rain in several locations, including
Washington D.C.. having more than 25
consecutive dry days. North-eastern areas
recorded less than 75 per cent of normal
precipitation during the mid-March to late
August period in 1995 with localised sections
of New York, southern New England, and
the mid-Atlantic states recording less than
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half their normal precipitation. The situation
eased before the end of the year.
By June 1996 a severe drought hud developed across the southern plains and south-west
of the United States of America, and in northern
Mexico, with many areas recording les^ than
one inch (25.4 mm) of precipitation in the eightmonth period starting in October 1995 (see
Figure 4.3). In southern and western states,
nearly 1.5 million acres were charred by wildfires. In Oklahoma, Texas and Kansas, more
than half the winter wheat crop was damaged
by the drought and in New Mexico, 90 per cent
of the sorghum crop was badly affected. On the
other hand, north-eastern areas of the United
States of America had become veiy moist.

4.3.2 South America

-100

-50

Figure 4.4 t
Monthly precipitation
anomalies (mm) during
September-December
1995 lor Brazil, as
departures from the
1961-90 monthly
means. (Centro de
Previsoo de Tempo e
Estudos Climaticos
{CPTEQ, Brazil.
Reprinted from Halpert et
al., Bulletin of the AMS,
Vol. 77, No. 5.)
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Figure 4.5 & -*
Temperature percentiles
la) and precipitation
anomalies in mm (b) for
Septem ber-December
1995 in southern South
America. Anomalies are
departures from the
1961-90 base period
means.
(NOAA/NWS/CPC,
Washington, DC.
Reprinted from Halpert et
of, Bulletin of the AMS,
Vol. 77, No. 5.)

36

1

*1

20 S

25 S

mWn

30 -S

35 S

)
40 J S

/I

45 S

f

50 S

*v

(b)
55 S

_,

.«bst

i

i

-200-150-100-75 -50

....

,

i

-25

i~r

25

50

„...

Abnormal warmth and dryness were
reported from Chile (except in the extreme
south) from October 1993 through most of
1994, with a loss of a million cattle. Shorter
period droughts were reported fron
northern Argentina and south-eastei n Brazil.
Drought conditions became reestablished over parts of South America in
May 1995, and continued into December,
becoming most pronounced over southern
Brazil after September (Figure 4.4). Southern
Brazil, southern Paraguay, and central and
north-eastern Argentina received less than 75
per cent of their normal precipitation during
the period 1 May-19 December. Meanwhile,
less than 50 per cent of normal totals were
recorded in parts of the southern state of Rio
Grande do Sul in Brazil, south-eastern
Paraguay, and the Argentine region-, of
Corrientes and northern Santa Fe (Figure
4.5b). Under searing heat (Figure 4.5a), the
worst forest fires in living memory broke out
in some areas of Argentina.
Further north, north-eastern Brazil had
normal wet season (March/April/May)
precipitation (i.e. no drought) in 1094 and
1995, followed by heavy rains in 1)96.

t
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4.4 Asia — Extensive
droughts in China
From early May through mid-June 1994,
exceptionally hot conditions seared most of
central and northern India and much of
Pakistan. Daily temperature anomalies
approached +6°C as maximum tem seratures
soared to 50°C in some locations.
Mid-June to early July is the Plum Rain
(Meiyu) season in the Yangtze-Hai.ihe Basin
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stretches of the Yellow River to dry up for
four months. Fleilongjiang. Jilin provinces and
eastern inner Mongolia also experienced hot
and dry conditions.

4.5 Australia, Indonesia
and the South Pacific
4.5.1 Australia — The end of a very
long drought

Figure 4.6 t
Summertime 1 994
(June/July/Augustj
precipitation anomalies
as percentage differences
from the 1961-90
normals for China. (China
Meteorological
Administration.!

Figure 4.7-*
Precipitation anomalies
over 10-day periods as
percentage differences
from 10-day normals
during January-July 1995
for Shaanxi (topi and
Gansu (bottom) Provinces
of China. (China
Meteorological
Administration.)

of eastern central China (see Section 6.3).
In .1994, many Provinces in the Basin
experienced their worst summer drought in
60 years (Figure 4.6) and by mid-August
crops were severely affected over an area
of 17 million hectares. Twenty-seven
million people and 16 million animals
experienced water supply problems. The
drought extended to parts of northern
China, the Korean Peninsula and Japan.
In 1995, northern China experienced
extensive drought, spanning an area in excess
of 4.3 million hectares. Shaanxi and Gansu
provinces had persistent, severe drought from
the 1994/95 winter and through the following
spring and summer seasons (Figure 4.7).
Many places in these two provinces received
their lowest precipitation in the last four
decades. The persistent drought caused long

The severe drought that had gripped much of
north-eastern Australia since 1991 spread
during 1994 to most remaining areas of eastern Australia and the southern states, finally
ending erratically in 1995 and 1996.
From mid-March 1994. very dry conditions developed almost generally over the
continent as high-pressure systems dominated
the Australian region. Autumn
(March/April/May) 1994 was the driest on
record over substantial areas of the continent.
Interactions between tropical moisture and
mid-latitude systems, which normally produce
significant cool-season rainfall in eastern
Australia, were virtually absent, while the
mid-latitude westerlies, which normally produce the bulk of the rainfall in the southern
states, were displaced southward of normal.
The drought conditions were exacerbated by
frequent frosts in winter and early spring
while dust-storms and bushfires were an
unwelcome but noteworthy feature in all but
the three winter months. Typical of a welldeveloped ENSO event, conditions over eastern Australia were particularly dry between
July and October. Good rains over New South
Wales and southern Queensland in November
provicled only temporary relief, as a very dry
December followed oxer eastern Australia. By
June 1994, serious or severe rainfall deficiencies Qowest 10 per cent and 5 per cent of
recorded falls, respectively) covered much of
central and northern New South Wales and
southern Queensland, and by the end of the
year (Figure 4.8) significant deficiencies had
become even more widespread.
In the north-east, precipitation remained
below normal in the 1994/95 wet season but
the drought area had generally shrunk away
from the Australian interior (Figure 4.9) by the
end of April. In parts of Queensland, however,
serious deficiencies persisted until late in 1995.
Despite significant rainfall in most of Victoria,
extremely dry conditions developed in western
areas of that state during the austral autumn
1996, as well as over southern Australia, with
many areas suffering some of their driest-ever
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starts to the winter "wet" season in what is an
important grain-growing area. Far southwestern Australia, too, had a late start to its
winter wet season, maintaining a pattern that
has recurred over most recent years. However,
significant rainfall in June and July of 1996
brought an end to what had been a worrying
drought in both regions.
The drought that spread from
Queensland and northern New South Wales to
most of the remainder of the country in 1994
had a major impact on the farm economy of
Australia, resulting in a substantial fall in farm
production, exports and income. Crop
production was particularly badly affected,
with winter crop harvests in late 1994 being
down almost 50 per cent from the previous
year. In what is normally a self-sufficient
sector, this necessitated significant imports of
feed, processed grains and protein meals.
Livestock, too, were badly affected,
with sheep numbers reduced by almost 13
million in 1994-95, though low wool prices
were a factor in this. Autumn rains in 1995
did not arrive until mid-May in southeastern Australia, which meant little prewinter growth in the cold hill country.
Overall, the drought was estimated to
have decreased agricultural production by
nearly A$ 2 000 million, or 8 per cent,
compared with 10 per cent for the 1982/83
drought. This led to a reduction in the value of
airal exports of about AS 1 600 million in early
1995, and damaged economic growth more
widely through linkages with other sectors. At
an individual farm level, the drought of 1994
and 1995 exacerbated an already serious
situation in New South Wales, caused by high
interest rates, a collapse in wool prices and
drought in the preceding three years. For
many people, the 1994/95 drought was the last
straw, with quite a number of farmers abandoning their properties, while bank foreclosures caused the end of other rural enterprises.
In addition, there was significant
environmental damage, though some of this
was caused by inappropriate land
management techniques during the drought.
Examples of degradation include:
•
a decline in perennial grasses;
•
increased soil losses where vegetation
cover was reduced to low levels; and
•
reduced ability to control woody
weeds through burning (because of
low pasture biomass).
By contrast, drought-breaking rains in
Victoria and southern New South Wales in
1995 were followed by an excellent year with,
for instance, wheat yields well up from 1994.
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«- Figure 4.8
Rainfall deficiencies from
normal over Australia for
the 9-monlh period 1
April-3 I December,
1994. (Bureoj of
Meteorology,
Melbourne.)
Perth
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*- Figure 4.9
Rainfall deficiencies from
normal over Australia for
the 13-month period I
April, 1994 to 30 April,
1995. (Burecuof
Meteorology,
Melbourne.)
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eastern Queensland), and again in August.
Further east, rainfall over the Fiji group
showed no consistent pattern although, over
most of the group, the months of February,
June. October and November had wellbelow-average totals. Rainfall totals in the
Marquesas were well below normal in most
of the first five months, but well above
normal (50 per cent or more) over the
following three (austral) winter months.
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F/gure 4.12 f
Annual precipitation for
the Mediterranean area
as a percentage of the
normal for the 1961-90
reference period, for
laj 1994 and (b) 1995.
(DWD. Germany.j

«- Figure 4.10
Spatial distribution over
Spain of the decile
classification of rainfall
for the six-year period
1990-95, determined
from all six-year periods
from 1930. Areas
marked 1 and 2 are
very dry — within the
driest 20 per cent of all
six-year periods. (Instituto
Nacional de
Meteorologia, Spain.}

*• Figure 4.1 1
Departures of annual
precipitation from the
1961-90 normal for a
set of stations in the
region of the ex-Federal
Republic of Yugoslavia.
(Federal
Hydrometeorological
Institute, Yugoslavia.}

4.5.2 Indonesia
Much of Indonesia reeled under drought
conditions in mid-1994, receiving less than 40
per cent of normal rainfall between May and
October. Java and the lesser Sundas Islands
had less than 10 per cent of normal rainfall
during this period, and a few locations
received only 5-20 mm, compared with a
normal 850 mm of precipitation. Consequently,
crops such as rubber were severely affected,
and major bushfires broke out in September
and October, with the resulting smoke causing
noticeable air pollution. A strong association
exists between rainfall deficiencies in
Indonesia and warm episode ENSO conditions
(Ropelewski and Halpert 1987).

4.5.3 South Pacific
From March 1994 onwards, the persistent ridging that dominated the Australian region also
became the main controlling influence over
New Zealand and the south-western Pacific
region (except in the South Island of New
Zealand), east to Fiji, and sometimes Tonga.
At the same time, north-eastward displacement of the South Pacific Convergence Zone
caused consistently well-above-average rainfall
over northern and eastern parts of the Pacific
Islands, e.g. the northern Cook Islands and
southern French Polynesia.
During 1995, the south-west Pacific
region seems to have been mostly dry in the
first half of the year (in common with north-

4.6 Europe — Two more
years of little rain in
Spain
Since the 1980s, winter precipitation has
been repeatedly deficient in parts of
southern Europe. Figure 4.10 shows that
over much of Spain, the period 1990-95 was
within the driest 10 per cent (decile 1) of
six-year periods since 1930. Figure 4.11
shows how subnormal precipitation has
prevailed during the last 15 years in
Yugoslavia. In southern Spain and Italy,
annual precipitation totals for 1994 in some
areas (Figure 4.12a) did not even amount to
50 per cent of the long-term means. As 1993
had been abnormally dry in those areas too,
water shortages and damage to the
agricultural industry were substantial.
In July and August 1994, an absence of
cloudiness and extremely diy weather
predominated across much of northern and
western Europe. Around the eastern Baltic,
several regions did not receive any rain at
all. The dryness, combined with high
temperatures, caused regional water
shortages, led to bushfires which scorched
huge areas — especially in Spain. Poland
and the Baltic countries — and brought high
economic losses to the agricultural industry.
In south-eastern parts of Norway, the May to
June period was the driest of this century.
By February 1995, central and southern
Spain remained in a state of severe drought;
reservoirs in Andalusia held less than 15 per
cent of capacity. Abnormally hot and diy
conditions dominated many areas of Europe
and western Russia during June, July and
August 1995, a repeat of the conditions
observed during the previous summer in many
locations, particularly across the British Isles.
Overall in 1995, many places again had
a dry year (Figure 4.12b) although, as
described in Chapter 5, copious
precipitation returned to Mediterranean
areas by the winter of 1995/96.
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Flooding
5.1 Introduction

Figure 5. 1
Regions with annual
linfall within the wettest
10 per cent of their
record {a) 1994 (bj

1995.
(NOAA/NWS/CPC,
Washington D.C.I 4<

Among all natural disasters, floods produce
some of the highest death tolls and material
damage. There have been devastating floods
during this decade that have affected large
areas and millions of people. For example, a
Bangladesh cyclone killed 140 000 people in
1991. During 1994-95, floods comprised about
50 per cent of the major natural disasters,
killing more than 8 500 people and causing
nearly US$ 50 000 million worth of damage.
Floods are caused by a variety of
factors, not all of which are meteorological.
Topography and the hydrological capacity
of the subsoil have considerable influence.
In many cases, anthropogenic changes to
the natural environment such as
deforestation, building of dams and dikes
or strengthening of rivers aggravate the
effects. Sometimes flooding is induced by
storm surges from the seas which, when

entering low-lying coastal regions, ire
extremely destructive, especially where
these regions are densely populated.
Flooding is often associated with
cyclones, hurricanes and typhoons or long
periods of continuous, heavy monsoonal rain.
These phenomena are discussed in Chapter 6
"Monsoons" and Chapter 7 ''Storms".
Figure 5.1 depicts the extremely wet
regions in 1994 and 1995. However, as
most floods occur over limited regions and
periods, they are not necessarily reflected
in monthly or yearly precipitation analyses.
A very high annual sum need not be an
indication of flooding and rainfall
associated with floods may not cat.se long
period totals to be above normal.

5.2 Major floods in the
Americas
In 1994, there were relatively few major
floods in the Americas. Tropical storms
caused some problems, as was the case when
"Alberto" hit the south-eastern United States of
America at the beginning of July 19S4 with
strong winds and heavy rain, destroying dams
and bridges, and causing some local flooding
(Figure 5.2). In South America, the worst
floods in 1994 were reported from Colombia,
between January and June, with more than
1 000 homes destroyed in Bogota in February,
and tens of thousands were left homeless in
the country in June as heavy rains followed
an earthquake. More than 100 000 people
reportedly lost their homes in coastal areas of
northern and eastern Brazil during the first six
months of the year in the aftermath of heavy
rains, floods and landslides.
Early in 1995, it was extremely wet in
the south-western United States of America.
In January, a series of depressions from the
Pacific Ocean brought heavy rain a ad plenty
of snow, at the highest elevations, 10 the
southern California coastal ranges, ihe Sierra
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Figure 5.2
Flooding in Macon,
Georgia, United Stales of
America, in July 1994.
(Photo: Johnny Crawford.)

Nevada and the Cascades, engendering
widespread river Hooding and mudslides.
Further flooding occurred in March, by which
time total flood damage costs in California
were estimated conservatively at USS 3
million. In April and May 1995, the mid-west
of the United States of America experienced
severe flooding for the second time in three
years. A detailed description is given in the
text on page 42. On June 27. 600 mm of rain
in six hours were reported from near the
Blue Ridge Mountains in Virginia, creating a
record flood discharge for the United States
of America east of the Mississippi River.

Heavy rains of over 100 mm soaked
eastern Argentina and southern Uruguay
between 31 March and 12 April 1995. Near
and to the west of the Buenos Aires area,
200 to 400 mm were reported, generating
brief but severe flash floods at some
locations. Typically, the region is
approaching its drier time of the year in
April, so the event which brought three to
seven times the normal precipitation for this
period was particularly unusual.
At Christmas 1995, torrential rains of up
to 600 mm were reported along the coast of
Santa Catarina State in southern Brazil.
Florianopolis received a total of 315 mm on
24 December 1995 and a two-day total of
467 mm (24-25 December). As a result,
locally severe floods claimed five dozen
lives and left tens of thousands homeless.
In January and February 1996. a
cyclonic vortex was frequently located over
north-eastern Brazil, with frontal troughs
over the south-east, a situation which is

generally associated with enhanced
convection. The south-east coast of Sao
Paulo State experienced severe flooding,
mudslides and destruction to roads and
bridges. The two-day rainfall total in
Ubatuba on 12-13 February was 396 mm.

5.3 Major floods in Africa
Not less than five tropical storms (see
Chapter 7) made landfall, bringing heavy rain
to Madagascar and northern Mozambique
during the first three months of 1994. The
flood resulting from the worst one, "Storm of
the Century" Geralda, contributed to
widespread destruction and loss of life.
Extreme rainfall events were reported
from Niger, Benin and Ethiopia in August
1994. causing flash floods with high losses.
Many areas in Egypt, the Sinai Peninsula
and Somalia were hit by stormy weather and
heavy rain in November 1994. For these arid
areas, where the mean annual precipitation
totals amount to 1 to 5 mm and most years
are completely dry, this was an exceptional
event. More than 500 people died when
large areas were inundated. Flood surges
menaced the ancient tombs of Luxor.
Flash floods and devastating mudslides
were reported from both southern Ghana
and south-western Morocco after torrential
rain in July and August 1995. Near Aflou.
northern Algeria, 50 people died when a
bridge collapsed on 10 October 1995 after
heavy rain.
After mid-December 1995, widespread
torrential rains (75 to 240 mm in one week)
drenched many parts of the Republic of
South Africa, as well as Swaziland, Lesotho,
southern Botswana, central Zimbabwe,
northern Mozambique and southern Malawi.
Locally severe floods plagued the region.
Heavy rains over Kwazulu-Natal. especially
in the three days preceding Christmas,
contributed to the Umsunduze River
bursting its banks in a flash flood on
Christmas Eve. At least 130 people drowned
when settlements in low-lying areas near
Pietermaritzburg were swept away.

5.4 Major floods in Europe
In early December 1993- strong winds
pounded Europe with 145-km/h gusts and
torrential rains, generating the worst flooding
in 60 years across parts of France, the
Benelux countries and Germany. (See also
"The Global Climate System Review," June
1991-November 1993, p. 54.) Damage costs
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Mid-west United States of America floods April-May 1995
Based on a contribution by M.S. Halpert, CPC, Washington, D.C., United States of America.
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Much of the mid-western United States of
America, the plains states, and the lower
Ohio Valley received excessive precipitation
from early April through mid-June 1995
(Figure 5A[a]). An area from central Kansas
eastward to the western Ohio Valley
received approximately twice its normal
precipitation for the period. Despite some
veiy large amounts, the areas receiving
excessive precipitation were highly variable
from one storm to the next.
During 1995, maximum water levels
approached, but did not reach, those
recorded during the 1993 mid-west flood
(which peaked during July). Much of the
lower and middle Missouri and Mississippi,
and lower Ohio rivers and their tributaries
flooded at times during April-June 1995.
This area is generally to the south and east
of the regions most severely affected by the
1993 mid-west flood (Figure 5A[b]), namely
the middle and upper Mississippi and the
middle and lower Missouri rivers and their
tributaries. However, large portions of
eastern Kansas, northern and central
Missouri, and western Illinois were impacted
during both flooding episodes. To the north
and west of this region, flooding was
significantly more serious in 1993- Farther
south and east, the Mississippi/Missouri
confluence, a region which did not
experience significant flooding during 1993,
experienced flooding during 1995.
The 1995 floods were associated with
an abnormally strong and persistent southwesterly flow at jet stream level (250 hPa)
over the central United States of America
(Figure 5B [a]), which carried a number of
major storm systems across the country.
These storms tapped warm, moist air from
over the Gulf of Mexico and produced
excessive precipitation totals throughout the
mid-west, an area in which soil moisture
levels were significantly greater than normal
prior to the onset of the floods.
There are many similarities (see Bell
andjanowiak 1995: Mo, et al., 1995) in the
atmospheric circulation associated with the
1993 and the 1995 flood events (Figure 5B
[a, b]). These include 1) an ENSO-induced,
south-eastward shift of the mean jet stream
position over the northern Pacific Ocean
during December-March prior to the
beginning of the events; 2) persistent
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upper-level troughs over both the
Canadian Maritime Provinces and the
western United States of America during
both events; 3) an abnormally strong
south-westerly flow at jet stream level
through the middle of the country during
the events, along with an enhanced lowlevel flow of warm, moist air from the
Gulf of Mexico into the flood region; 4) an
unusually active storm track, which
triggered a series of major thunderstorm
complexes over the mid-west; and 5)
nearly saturated soil moisture conditions
throughout the region observed prior to
the onset of the floods in both cases.
There were also significant differences
in the atmospheric circulation between the
two flood events. First, the circulation
anomalies during June-July 1993 tended to
be stronger and more persistent than those
observed during April-June 1995. Second,
the moisture-laden southerly flow in the
lower atmosphere (850 hPa) over the midwest during April-May 1995 was weaker
and somewhat less persistent than during
June-July 1993. In July 1993, this
extremely strong moisture transport,
coupled with a strong, nearly-stationary
low-level frontal boundary, allowed for the
repetitive formation of major thunderstorm
complexes over the mid-west, which
resulted in prolonged severe flooding
throughout the region. Finally, substantial
variability in the paths of the individual
storms during April-June 1995, and in the
locations of their accompanying
precipitation fields, produced relatively
large regional variations in precipitation
over the mid-west. In contrast, there was
much less spatial variability to the storm
track and rain fields in June-July 1993,
which resulted in inundating rain events
that repeatedly affected the same areas.

were estimated at USS 580 million. Between
5-7 January 1994, parts of south-eastern
France, Switzerland and northern Italyreceived over 200 mm of rain in 24 hours,
leading to flooding of the Rhone and
breaking of dams on the River Durance.
On 27 and 28 August 1994, downpours
of rain induced a devastating flood with
high losses in Moldavia.
Torrential cloudbursts, reported to be
the worst in 80 years at some locations,
deposited over 200 mm of rain on parts of
south-eastern France, Corsica and northwestern Italy during a four-day period
ending 6 November 1994. At Cassagnas, in
Lozère, France, 444 mm were measured
over two days. Severe, widespread flooding
and landslides resulted, isolating several
villages, leaving thousands homeless, and
taking more than four dozen lives. Flooding
of the River Var led to closure of the Nice
airport for two days. The floods (Figure 5-3)

t Figure 5.3
Aftermath of flooding of
the River Po, Piedmont,
Italy in early November
1994. (ITAVSM, Italy.)

Figure 5.4
Precipitation anomalies
in mm for central and
western Europe for
20-30 January 1995.
Anomalies are
departures from the
1961-90 base period
means.
INOAA/NVVS/CPC,
Washington D.C.j i

•*- Figure 5B
A comparison of prevailing
atmospheric features observed during
the mid-west flooding episodes in
fa) April-May 1995 and (bj JuneAugust 1993. (Reprinted from
Halpert, et ai, 1996.J
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t Figure 5.5
Flooding in the old city
of Kôln, Germany from
the River Rhine in late
January 1995.
(Copyright Thomas
Loster, Munchen.j

Figure 5.6
Discharge of River Rhine
at the Kôln water gauge
during the three most
severe floods of this
century. (Bundesanslalt
fur Cewasserkunde,
Koblenz, Germany.} ->

in Piedmont, Italy were even worse than
the notorious event of November 1951.
when the River Po overflowed its banks.
Insured losses valued at US$ 9 000 million
were reported for northern Italy.
Nineteen ninety-five started out to be
very wet in north-western and central
Europe. In many places, the rainfall recorded
in January was two or three times the
normal value, most of the precipitation
falling between 20 and 30 January (Figure
5.4). Communities near many rivers in northwestern Europe were put on flood alert. By
the end of the month, in the catchment
basins of the Rhine River, where the
' 000
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Kôln Dec. 1925
Kôln Dec. 1 993 i
Kôln Jan. 1995
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devastation of the flood of the century in
December 1993 had not long been cleared
away, a new major flood was induced by
the abundant rainfalls together with rapid
snow melt in the mountains (Figure 5.5).
The height of the water level equalled that
of the preceding flood (Figure 5.6), but the
consequences were even worse, especially
in the Netherlands, where 250 000 people
and millions of cattle were evacuated.
Heavy rainfalls, snow-melt and strong
easterly winds in mid-March and May 1995
repeatedly triggered devastating floods
along the lower course of the Volga River
and the northern shores of the Cas :>ian Sea.
More than 150 000 cattle drowned, and
thousands of people were left homeless.
In late May, south-eastern Norway
experienced its worst flood since 1789.
During the preceding winter months,
accumulated precipitation in the form of
snow reached 120 to 140 per cent of the
normal amount in the mountain areas, The
weather in May was cold and the snow
depths in the mountains increased. From
22-25 May, temperatures rose by 5 to 10°C.
starting a rapid snow melt. The discharges
of the Glomma (Figure 5.7) and Laagen
rivers increased to four metres above their
normal levels. At the end of the month,
large areas of cultivated farmland were
flooded and crops destroyed. More than
7 000 people had to be evacuated.
In Hungary, heavy precipitation in
November and December 1995, and a
sudden warming before Christmas, which
caused melting of ice in river catchment
areas in the east, caused floods which rose
to record levels.

sooo

Figure 5.7
Annual maximum daily
discharge of the River
Glomma at Elverum,
Norway 1789, and for
1872-1995.
(Norwegian Water
Resources and Energy
Administration, Oslo.j t

1880

44

1890

1900

E

5.5 Major floods in Asia

~6

J

-

—1

t

j

NJ I

P .
17

'I
1910

I
1920

I
1930
Year

I
1940

21 25 29
Time in days

I
1950

I
1960

S

33

I
1970

37

'
1980

41

45

1990

Asia was hit by quite a number of extreme
precipitation events, most of them in
connection with monsoons or typhoons,
which brought several episodes of
devastating floods to various parts of the
Indian Subcontinent, South-east As a, the
Philippines, China and, unusually, southwestern Asia.
Precipitation anomalies for China for
June to August 1994 are shown in Figure
5.8. Southern China, which had been badly
hit by Tropical Storm Russ in early June,
received additional heavy rains in mid-June
(250 to 525 mm during 5-18 June), causing
the worst flooding in decades. As .i very
active tropical storm season continued into
the autumn, high losses of human lives and
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material were reported from Guangxi and
Guangdong provinces and Hong Kong
(Figure 5.9). In late August, Typhoon 9 417
hit highly populated coastal areas of
Zhejiang Province with a storm surge and a
high astronomical tide contributing to the
loss of 1 100 lives, the damage of 800 000
homes and rehousing of one million people.
The economic loss was gauged at US$ 2 000
million. A long-lasting rainy season brought
a surplus of precipitation to parts of
northern China, too, inducing serious floods,
especially in Liaoning and Jilin provinces.
In the Middle East, the beginning of
the 1994 rainy season was exceptional.
Blizzards and torrential rains with high
losses due to flooding were reported from
Turkey, Iran and other parts of the region
from mid-November to the beginning of
December 1994. In many places, more than
twice the normal monthly precipitation for
November was measured within four days;
extreme short-term intensities appeared
(over 70 mm in one hour in parts of Israel)
and the monthly totals for November
exceeded their long-term means by more
than 400 per cent in places (Figure 5.10).
In Turkey, two extraordinary
precipitation periods caused high losses of
lives and material in 1995. On 13 July,
heavy rainfall triggered landslides in the
mountains near Isparta, killing 74 people.
Downpours of rain hit south-western Turkey
again between 3 and 6 November. In Izmir,
where 108 mm of rain was measured within
24 hours, 67 people drowned. In Antalya, a
record daily total of 429 mm was reported
and hail damaged 20 to 30 per cent of the
greenhouses in the vicinity of the town.
The rainy season of 1995 produced
abundant precipitation in China, except for
some northern parts, as shown in Figure
5.11. After a rapid rise of the water level,
the mainstream of the lower Yangtze River,
the Dongting Lake and the Boyang Lake
overflowed, flooding 2.7 million hectares of
agricultural fields, destroying 600 000
million houses and killing 650 people.
In Japan, most of Honshu southwestward across Shikoku and Kyushu were
inundated by over 750 mm of rain from
early April through early July, with several
locations reporting 1 000 to 2 000 mm
during the period.
Between mid-June and the beginning of
September 1995, repeated episodes of
intense rainfall induced severe flooding
across north-eastern China, especially in
Liaoning Province and the south-east of Jilin

50 N

Province, southern Manchuria and across the
Korean Peninsula. Record rainfall totals of
1 000 to 1 300 mm were reported within the
period. In August, Seoul and Pyongyang on
the Korean Peninsula respectively recorded
555 and 400 mm above the normal monthly
precipitation. These rains, combined with
long-term moisture surpluses dating back to
early May, engendered severe river and flash
flooding. Some rivers in north-eastern China
reached their highest levels on record, and
millions were evacuated. Figure 5.12 shows
the rainfall anomalies for mid-July to midAugust in the region.
February to April 1996 was extremely
wet in south-western Asia, especially across
parts of Turkey, Iran, Afghanistan and the
eastern Arabian Peninsula, inducing regional
floods. These areas, which have very low

<- Figure 5.8
Precipitation anomalies
{mm} for central, southern
and eastern China and
adjacent areas for JuneAugust 1994. Anomalies
are departures from the
196 1-90 seasonal
mean. Note that the
dashed lines mark the
boundary between
positive and negative
anomalies.
(NOM/NWS/CPQ
Washington D.C.j

Figure 5.9
Weather-induced urban
damage in Hong Kong:
a nine-metre high
retaining wall collapsed
at Kwun Lung Lau Estate
in Kennedy Town during
a heavy rain episode
from 22 to 24 July,
1994. when a total of
61 1.2 mm of rain fell.
More than I 000 tonnes
of mud and rocks buried
a busy footpath. Five
people were killed, three
were injured and some
2 000 families had to be
evacuated. (Photo: Hong
Kong Government, j 4»
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annual rainfall averages, observed more rain
within this period than is normal for an entire
year, some regions of Arabia being deluged
by over twice the normal rainfall for a year.

5.6 Major floods in
Australia, New Zealand,
Indonesia and the
South Pacific Islands
Though wide parts of Australia suffered from
drought conditions, some devastating floods
also occurred.
In the second half of December 1993,
heavy precipitation triggered major flooding
in eastern Tasmania, with many roads and
bridges cut, and large stock losses. Monthly
totals reached 400-500 mm, with over 200
mm falling in 24 hours in places.
During January 1994 in south-western
New Zealand, Colliers Creek (in the
Hokitika catchment area) registered a
rainfall total of 2 600 mm — the second
highest monthly total ever recorded in New
Zealand. River flooding isolated some
settlements, while large rises in the water
level of Lake Wakatipu flooded lakeside
areas of Queenstown (central South Island).
Extremely heavy rain (up to 500 mm/
24 hours) in the far north of Queensland at
the end of January 1994, partly associated
with Tropical Cyclone Sadie (Figure 7.8a),
caused considerable traffic disruption and
extensive damage to crops. Rain and
flooding were features of February 1994 over
much of northern Australia, with heavy rain
triggering floods over areas of southern and
central Queensland, as well as the Top End
of the Northern Territory. The rain continued
across a broad area of central Queensland in
early March, temporarily easing the
long-running drought in this area, and
triggering moderate to major flooding on
some rivers. Ironically, the last event marked
the start of a prolonged drought over most
of Australia accompanying the 1994 ENSO.
No other major flood events occurred until
mid-January 1995, when the southward
movement of a monsoon depression brought
widespread heavy rains (100-200 mm) over
inland eastern Australia, changing drought to
flood in many areas. Overall, the rains were
welcomed.
Severe losses were caused in February
1995 when Tropical Cyclone Bobby moved
inland into Western Australia and
degenerated into a tropical depression.
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Widespread heavy rains fell — over 300 mm
in areas normally receiving only about 225
to 275 mm annually. These caused extensive
flooding, cutting the trans-Australian rail
line, while the Eyre Highway, the main road
link between Western Australia and the
eastern states, was impassable for a week.
In the goldfields of Western Australia, near
Kalgoorlie in the south-east, Bobby was
responsible for flooding many mines,
causing considerable damage to equipment,
and losses of around A$ 50 million in gold
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Figure 5.131
Flooding in the Daintree
area of northern
Queensland, Australia,
7 March 1996. Rainfall
totals reached 745 mm
at Cape Tribulation.
[Copyright, Cairns Post
Pty Ltd.!

800
700
600
500
400
300
200
100
t Figure 5. 14
Total precipitation [mm]
in eastern Australia
1-7 May, 1996. A few
locations measured over
1 000 mm. [Bureau of
Meteorology, Australia.}

production. On the credit side, Bobby
boosted water supplies where there were
severe deficiencies beforehand.
Heavy rainfall from. May through July
1995 obliterated the severe drought over
south-eastern Australia. In June and July,
flooding was sustained and widespread in
northern Victoria. A second spell of flooding
in Victoria was triggered by several heavy
rain events in late October/November; in
some localities the floods were reported to
be the second worst of this century. Major
traffic disruption occurred. With the
development of weak La Nina conditions,
heavy precipitation caused widespread
flooding throughout the south of
Queensland during November 1995. In
January 1996, Tropical Cyclone Barry caused
further flooding in the state, from the Gulf
of Carpentaria to the south-east coast with
many places registering between 150-500
mm within a few days early in the month.
Then in early March an upper level trough
interacted with a monsoon trough over
northern Queensland, triggering torrential
rains, especially between the 4th and 7th.
Record-breaking daily falls — as much as
745 mm in 24 hours at Cape Tribulation —
caused serious and widespread flooding
from Ingham to Cairns. The Daintree area
reportedly had its worst flood since the
1950s (see Figure 5.13).
Exceptionally high rainfall occurred over
south-western and central parts of the South
Island of New Zealand in December 1995,
resulting in abnormally high lake levels and
severe flooding, even in the normally very
dry areas of central Otago. These areas had
from 2.5 to 3-5 times their normal December

precipitation. On the west coast, monthly
totals exceeded 1 300 mm. These high totals
were largely due to a high-intensity rainfall
event of the 11th—13th; Franz Josef registered
a 48-hour total of 592 mm.
In the autumn (March-May) of 1996 a
potent combination of a near-stationary
upper level depression, slow-moving
surface troughs and a very moist onshore
easterly airstream caused days of
widespread heavy rain over south-eastern
Queensland and north-eastern New South
Wales (NSW). Numerous stations within
this area received b e t w e e n 250-500 mm in
little more than a week in early May (see
Figure 5.14), with isolated totals in excess
of 1 000 mm. A secondary area of heavy
rain affected inland northern NSW, around
Bourke. Major flooding resulted over wide
areas, including those that had just
experienced five years of drought. The
flooding was reportedly the most severe
since the devastating floods of January
1974 and caused losses estimated at SA
100 million to crops and property.
Further west, Tropical Cyclone Kirsty
deposited 100-400 mm of rain in parts of
Western Australia and the Northern
Territory in March 1996, leading to severe
flooding over inland eastern and southeastern sections of Western Australia; this
was the fourth such soaking in 16 months
for this dry inland area.
In Indonesia, the sequence of rainfall
and flooding events followed a pattern
similar to that in northern Australia, with
exceptionally wet weather in the summer of
1993/94, especially in the western half of
the Archipelago. Floods reportedly claimed
hundreds of lives. After drought for most of
1994, the rains returned the following
summer and, in Java, the worst flooding in
a decade was reported.
Additionally, severe flash floods and
landslides were reported in New Zealand:
from South Canterbury following 130 mm of
rain in 12 hours on 19 March 1994; Nelson
Province (Golden Bay and Motueka), also in
March after 105 mm in 90 minutes:
Wellington and New Plymouth in April,
following 151 mm in 6 hours in some parts;
on the Kaikoura coast after 100 mm in a
day on 12 June 1994; and again in South
Canterbury on 7-8 February 1996 after 300
mm fell. Flash floods also affected Fiji in
August 1994 after 354 mm of rain fell in 24
hours at Taveuni and, near Rockhampton,
Queensland, following a 480 mm drenching
in six hours on 23 April 1996.
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Chapter 6

Monsoons
6.1 Introduction
The monsoon is a complex seasonal wind
regime, associated with periods of heavy rainfall, which results mainly from the differential
heating of land and ocean masses in the tropics and subtropics. Monsoon conditions are
most pronounced in the subtropics, for example in southern parts of Asia, where a low7
level flow from the east or north-east in the
northern hemisphere winter is followed by a
west to south-west monsoon in summer.
Although the monsoon displays its most
pronounced features in southern Asia, it also
occurs in many other parts of the world, such
as eastern Asia, northern Australia, parts of
eastern, southern and western Africa, and
some regions of North America (see page 53).
Coming to many subcontinental regions during
the hot seasons, the summer monsoons bring
abundant rainfall to support the growing crops
and thus benefit millions of people in the
world. However, the interannual variation is
considerable; in some years, the monsoon
brings excessive rains and causes floods and
destruction, and in others only sparse precipitation occurs, resulting in severe drought.
Many researches have revealed that the
monsoon is related to other global climate
features and makes a very important contribution to the tropical ocean-atmosphere
interactions. For example, the strength of the
Asian monsoon is found to have a good
correlation with the phase of the Southern
Oscillation.

6.2 Indian Monsoon
A key indicator of the strength and extent of
the monsoon rainfalls in India is the number
of meteorological subdivisions in the country
which have rainfall deficiencies (defined as
June to September rainfall 20 per cent or
more below average) and those which have
normal (within ±19 per cent of the long-term
average) or excessive rainfall. In 1994 and
1995, only 10 and two subdivisions
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respectively out of the total of 35 had rainfall
deficiencies, as indicated by Figure 6.1. The
country's summer monsoon rainfall total was
110 per cent of normal in 1994, and 100 per
cent in 1995, the seventh consecutive year
with the countrywide average within 10 per
cent of the long-term mean. The 1994 surplus
did not fit the usual correlation with ENSO.

6.2.1 1994 — A wetter-than-normal
season for much of the Indian
Subcontinent
Prior to the monsoon season, heavy rains
inundated extreme eastern India, West Bengal
and Bangladesh from April to mid-May.
During this period, about 300 people were
killed and more than a half million homes
were destroyed due to torrential rains and
because of the movement of cyclone 2B
through south-eastern Bangladesh and
portions of the Indian subcontinent (see
Section 7.4). Fortunately, the latter half of May
brought a decrease in storminess to the region.
Meanwhile, an exceptional heatwave
developed from mid-May to mid-June across
central and northern India and Pakistan.
During this period, temperatures in Delhi
reached a 50-year high of 46°C, while
temperatures in parts of southern Pakistan
reached 50°C. This extreme heat claimed
more than 400 lives in India, and an
additional 100 lives in Pakistan.

|
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% of Districts with
Excessive
or Nt rmal Rainfall

|

% of Districts with
Defic ent
or Sc.inty Rainfall

Excessive
Normal
Deficient
Scanty

+20% or more
+19% to -19%
-20°/ to -59%
-60°/t to -99%

f Figure 6. 1
Number of districts in
India with excessive or
normal, defic ent or
scanty rainfal from 198
to 1995. fine ia
Météorologie il
Department, New Delhi
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As shown in Figure 6.2. the south-west
monsoon reached the extreme south of the
subcontinent on 28 May moving north then
north-westwards to cover the whole country
by 30 June. Dates of onset were generally
two to five days ahead of normal, except in
the north-east, where it was close to normal
and in the north-west, where onset was two
weeks early. During June and July, abovenormal rainfall covered western India and
Pakistan. These rains helped to recharge
reservoirs and improved crop prospects in
most areas. Meanwhile, heavy rains across
the northern and eastern fringes of India
during the first week of July took 60 lives,
flooded more than 100 villages and damaged
52 highways. Precipitation began to ease
during early August across Pakistan and
western India, although periodic heavy rains
caused localized flooding until the end of
the monsoon season in mid-September. In
mid-August, flooding across Bangladesh's
northern regions took nearly four dozen
lives, marooned 300 000 people, destroyed
large expanses of paddy crops and swamped
10 000 homes.
Precipitation totals tor India during the
1994 monsoon season (June-September)
averaged near the 60th percentile. These
Figure 6.2 -^
Actual I994 and normal
dotes of the onset of the
south-west monsoon over
India. (India
Meteorological
-jrlment, New Delhi, j
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totals were larger than had been observed
during each of the previous four monsoon
seasons and were the second largest values
recorded in 10 years. Figure 6.3 shows the
percentage departure from normal rainfall by
state. During the 1994 monsoon season,
most of central and western India, and
central and southern Pakistan, received at
least 125 per cent of their normal rainfall
totals and some localities had more than
twice the normal rainfall. In total, monsoon
floods reportedly took nearly 1 000 lives
across India and Pakistan and damaged 2
million homes. Below-normal rainfall was
observed only in the hills of western Uttar
Pradesh and some north-eastern and
southern parts of India during the season.
Heavy summer monsoon rains were also
reported from eastern Myanmar, Thailand,
Cambodia. Laos and Vietnam, with some
devastating floods. Earlier, the north-east
(northern winter) monsoon had brought
widespread, heavy rain to the Malaysian
Peninsula with more than 13 000 evacuated
in east coast states in December 1993-

6.2.2 1995 — Delayed onset but
close-to-normal rainfall over
much of India
The 1995 monsoon season was preceded
during the first three weeks of June by
exceptionally hot weather throughout India.
During this period, temperatures averaged
in excess of 38°C throughout much of
central and northern India and more than
43°C in parts of the north and north-east.
This marked the second consecutive year in
which a brutal heatwave prior to the
summer monsoon took hundreds of lives
across the Indian subcontinent. During 1995,
the south-west monsoon first appeared in
the north-eastern states, sub-Himalayan West
Bengal and Sikkim on 5 June, the normal
date. However, the onset was late by a
week in southern India, not reaching Kerala
and Tamil Nadu until 8 June. All of India
had summer monsoon conditions by 13
July, some two weeks later than in 1994.
The rains remained generally below normal
in intensity over much of India until midJuly. A sharp increase in rainfall was then
observed across the Indian subcontinent and
heavy rains persisted throughout August and
much of September. These rains resulted in
flooding along many rivers and in numerous
towns, particularly in Pakistan. Bangladesh
and southern Thailand. In northern India,
nearly 800 lives were lost.
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Overall, the 1995 monsoon season
featured near normal rainfall over large parts
of India (Figure 6.4), although states both in
the north-east and north-west corners of the
country had excesses of 200-300 mm. as did
many regions in Bangladesh, Myanmar and
Thailand. Rainfall was classified as deficient
in just two regions of India, namely Gujarat.
and the region covering Saurashtra, Kutch
and Diu in the west.

<~ Figure 6.4
Distribution of tuneSeptember rainfall totals
in Indian states during
the 1995 morsoon.
(India Meteorc logical
Department, New Delhi.j

Excess: +2C% or more
Normal: + ' 996 to -19%
Deficient: -20% to -59%

y

6.3 East Asia monsoons
Although the East Asian and south-west Asian (or
Indian) monsoons both belong to the Asia
monsoon system, there are distinct differences
between them and their climatic features. The
East Asian monsoon over eastern China is
controlled by both tropical and sub-tropical
influences and in particular by the location of die
axis of the sub-tropical (West Pacific) high. The
main monsoon rain belt is located on die northwestern flank of die high and moves northwards
or southwards as its axis changes during die
season. The high pressure system (at die 500 hPa
level) generally moves northwards by about 10°
latitude from early June to mid-July.
The main contributions of the East Asian
monsoon to the region's climate are on the
onset and retreat of the rainy season and the
meridional shift of the major rain band. Mei-yu
(Plum rain), the summer rain phenomenon in
the Yangtze River Valley and Bai-u. its Japanese
counterpart, are important reflections of the
monsoon influence. The northward progress of
the summer monsoon from South China to
inland areas over eastern China displays
distinct regularity. Normally, Meiyu onsets in
mid-June and retreats in mid-July, bringing
abundant precipitation to the vast populous
regions in the Yangtze River Valley. However,
large interannual variations of onset and precipitation occur, as shown in Figures 6.5 and 6.6.

6.3-1 1994 — A dry and hot summer
from East China to Japan
In the summer of 1994, the ITCZ over the
South China Sea and the western tropical
Pacific was very stable and active. Very heavy
rainfall caused flooding over southern China
in the early summer. During June, the
southerly flow on the western flank of the
sub-tropical high was located at its normal
position but, in July, it transferred quickly
further northwards and remained further
north than usual in August. Figure 6.7 shows
the water vapour flux at 850 hPa for the
summer period and a pronounced minimum
50

is evident near 100°E, 30°N. A very short
duration of the Plum rain occurred in the
mid-lower reaches of the Yangtze River,
which were generally very dry and hot, as
was Japan. Meanwhile, southern and northern
China had a 10-60 per cent precipitation
surplus (as shown in Figure 4.6).

6.3.2 1995 — A wet summer in parts
of East Asia
During the period of early June to earl}' July
1995, the sub-tropical high was rather stable
with the central ridge line positioned at
17-24°N. Over eastern China, an early onset
and near-normal retreat of the Meiyu
brought precipitation totals 50-200 per cent
more than normal over many places in the
Yangtze River Valley (Figure 6.8). About 2.7
million hectares of field crops were flooded,
600 000 million houses were destroyed and
650 people killed. Meanwhile, wet and cool
weather also affected Japan. As the
subtropical high moved to the north
thereafter, the monsoon system also moved
north and parts of north-eastern China and
the Korean Peninsula suffered from heavy
rains and floods. The 850 hPa water vapour
flux pattern (Figure 6.9) shows a consistently
stronger south-westerly flow across southern
and central China, the Korean peninsula and
southern Japan than in 1994. Summertime
rainfall anomalies are shown in Figure 6.10.

6.4 Australian and
Indonesian monsoons
6.4.1 1993/94 — Wet in the northwest, belated in the north-east
The summer monsoon was weaker than
normal over Australia, and displaced to the
north of its usual position; thus the "Wet" in

Scanty: -60 to -99%
No rain: -1 )0%
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Figure 6.5
Onset and retreat dale of
the monsoon rains
(Meiyu or Plum Rain} in
the mid-lower reaches of
the Yangtze River in

China, 1936-96. Bars
indicate duration. (China
Meteorological
Administration.! •I

1993/94 was spasmodic and, in the northeast, belated. However, over the Indonesian
archipelago, particularly the western half, the
monsoon was well developed, with persistent
heavy rains from November 1993 to the end
of March 1994. Associated flooding reportedly
claimed hundreds of lives. Tropical cyclones
brought heavy rains to northern Australia in
December and Febaiary, as described more
fully in Chapter 7.
Autumn 1994 commenced with some
100-300 mm of rain in the first week of March
over Queensland and north-eastern New
South Wales (NSW) as a well-defined
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monsoon trough lay across the area. However,
from mid-March onwards, high pressure
became entrenched over Australia, resulting in
an abaipt end to the wet. In Indonesia, too,
rains stopped almost completely after March.
6.4.2 1994/95 — Very w e t in the
north-west and west
Although the summer monsoon system was
mostly displaced further north than usual, the
1994/95 wet season again produced abundant
rains across most of the north-western tropics
of Australia. The Darwin-Daly district in
Northern Territory had its wettest-ever wet
season (October to April), with totals at a
number of stations surpassing two metres.
Darwin, the capital city of the Territoiy, registered new records for January (940 mm), and
for the Wet season as a whole (2 382 mm). By
contrast, much of the north-eastern tropics
(the eastern portion of Northern Territory, and
most of Queensland) suffered deficient rainfall, consistent with warm episode ENSO
conditions, although an extensive area of
central Australia, south-western Queensland,
and south-eastern Australia did receive plentiful rain from a small eastwards-moving
monsoon depression in mid-January 1995.
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* Figure 6.6
Monsoon {Meiyu} rainfall
anomalies (percentages
of normal) in the midlower reaches of the
Yangtze River in China,
1936-95. (China
Meteorological
Administration.)

t Figure 6.8
Precipitation anomalies
as a percentage
difference from normal
for 1 June to 10 July,
1995 in the mid-lower
Yangtze basin. (China
Meteorological
Administration.!

<- Figure 6.7
850 hectopascal water vapour flux for the region
centred over the Indian Ocean/South China Sea during
June-August 1994. (China Meteorological
Administration.!
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rainfall in Java, Sumatra, the Lesser S indas
and the southern portions of Kalimantan
(Borneo) and Sulawesi (Celebes) during this
period. Total amounts for these four months
exceeded 1 500 mm in Java and Sumatra. By
contrast, rainfall seems to have been well
below normal over Papua-New Guinea and
probably over most of the south-wes Pacificover this period (paralleling the continuing
dry conditions in north-east Queensland),
associated with higher-than-normal mean
SLP and anomalously cool SSTs.

6.4.3 1995/96 — The Queensland
drought eases, very wet in
Indonesia

Figure 6.9 î
850 hPa water vapour
flux for the region
centred over the Indian
Ocean/South China
Sea during June-August
1995. (China
Meteorological
Administration.)

Figure 6.10 -*
Precipitation anomaly as
a difference from normal
for summer
[june/July/Augustj
1995
for China. (China
Meteorological
Administration.!

Figure 6. 1 I
Precipitation anomalies
(mmj for Indonesia and
the western central
Pacific, December
1994-February
1996.
(NOAA/NWS/CPC,
Washington D.C.j 4>
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A noteworthy feature of the 1994/95
wet season was that tropical cyclones spread
heavy rainfall to an extensive area of the
normally dry interior of Western Australia.
Details of the Tropical Cyclone activity can
be found in Chapters 5 and 7.
The 1994/95 wet season in Indonesia
featured abundant rain and flooding.
Following a very severe drought between
April and October 1994, significant rainfall
commenced in November. In particular, the
first four months of 1995 were marked by
prolonged heavy rains close to the monsoon
trough, giving rise to well-above-average

Monsoon westerlies were slightly stronger
than average in Indonesia and the fa • north
of Australia and, in both areas, the oaset
was slightly earlier than normal. Total wet
season (November-April) rainfall was below
normal over much of central and soi theastern Queensland (with drought still
lingering in much of the former area I, but
timely rains in November and January did
improve agricultural prospects. The drought
ended on a dramatic note with more than a
week of torrential rainfall in late Apr 1/early
May in south-eastern Queensland and northeastern New South Wales. These rains were
not of monsoon origin.
Over Western Australia, the monsoon
trough was active in December, and due also
to the effects of Tropical Cyclones Gcrti and
Frank, well-above-normal rainfall resulted
throughout the tropics and sub-tropics. The
earl)' part of 1996 saw mostly below-lormal
rainfall in the north-west but. as described in
Chapters 5 and 7, tropical cyclones brought
widespread rain in March and April.
Over Indonesia, veiy wet conditions
returned to the near-equatorial regions of
Sumatra and Kalimantan from about midAugust 1995, extending in October a id
November into southern Sumatra and into
Java as the monsoonal trough migrated
southwards somewhat earlier than usual.
Overall, 1995 and early 1996 were
exceptionally wet over most of Indonesia,
with some areas (e.g. Timor, south-western
Sulawesi, much of Kalimantan and Sumatra),
experiencing 600-1 000 mm more rain than
normal in the period December
1994-February 1996 (Figure 6.11). Some of
these regions had deficits of up to 600 mm
between May and October 1994. There were
further heavy falls in April over much of
Sumatra and Java.
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The North American Monsoon System
Based on a contribution

by Chester Ropelewski,

The life cycle and large-scale features of the North
American Monsoon System can be described using terms
traditionally used with the much larger Asian Monsoon
System. That is, we can characterize it by its temporal
development, mature and decaying phases.
The development phase, which occurs during May
and June, is associated with a period of transition from
the cold season circulation regime to the warm season
regime. This is accompanied by a decrease in mid-latitude
synoptic-scale transient activity over the United States of
America and northern Mexico as the extratropical storm
track weakens and migrates poleward to a position near
the Canadian border by late June. The Mexican monsoon,
a major component of the continental monsoon system, is
characterized by heavy rainfall over southern Mexico,
which by early July spreads northward along the western
slopes of the Sierra Madre Occidental into Arizona and
New Mexico.
From June to July, there is a general geopotential
height increase in the middle latitudes, associated with
the seasonal heating of the troposphere, but it is not
zonally uniform. The largest increases in height occur
over the western and central United States of America
and are probably associated with enhanced atmospheric
heating over the elevated terrain of the western United
States of America and Mexico, and increased latent
heating associated with the development of the Mexican
Monsoon. The resulting middle and upper tropospheric
''monsoon high" (Figure 6A[a]) is analogous to the
Tibetan High over Asia and the warm season Bolivian
High over South America. During June, this upper level
high migrates northward over the desert south-western
regions of the United States of America.
During its mature phase (July through August) the
monsoon system is fully developed and can be related to
the seasonal evolution of the continental precipitation
regime. The monsoon high is associated with enhanced
upper tropospheric divergence near and over the low
level jet stream (Figure 6A [b]) and nearby to the south
with enhanced easterlies (or weaker westerlies) and
enhanced Mexican Monsoon rainfall. To the north and
east of the monsoon high, the atmospheric flow is more
convergent at upper levels and rainfall diminishes from
June to July in the increasingly anticyclonic westerly
flow. The mature phase has also been linked with
increased upper level tropospheric divergence and
precipitation in the vicinity of the associated downstream
trough over the eastern United States.
The decay phase of the North American Monsoon
System (September through October) can be characterized
as the reverse of the evolution during the development
phase, although the changes tend to proceed at a slower
rate. During this phase the ridge over die western United
States weakens as the monsoon high and Mexican Monsoon
precipitation retreat southward into the deep tropics.
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Figure 6A
A schematic representation of the major features
associated with the mature phase of the North
American Monsoon System. The atmospheric circulation
is represented by the 22-year mean ( 1974-95) stream
function and streamlines based on the NCEP/NCAR
reanalysis. The top panel emphasizes the upper level
(200 hPaj monsoon high/ridge and associated
downstream trough. The lower panel illustrates the
lower level {850 hPaj circulation features. Dark areas
on the lower panel represent mountainous areas. LLJ
denotes the low level jet, and "I" the location of the
thermal low. [NOAA/NWS/CPC,
Washington, D.C.)
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Chapter 7

Storms
7.1 Introduction
Extremes of weather and climate have a
tremendous impact on the earth and its inhabitants. Storms of all scales absorb and convert
huge amounts of energy and moisture which
can have significant consequences. These can
be beneficial; for example, the delivery of
rainfall to end a drought, or the removal of
highly polluted air. However, they are more
frequently detrimental to society. Previous editions of the Global Climate System Review
have reported on such extraordinarily calamitous events as the Bangladesh cyclone of 1991
and the unusually high number of typhoons
reaching landfall in the western Pacific in
1993. The period of December 1993 to May
1996 also had its share of significant storm
events, which took their toll of lives and
property around the world. The first part of
this chapter will examine hurricanes, typhoons
and other storms which mainly influence the
Figure 7. 1
Tracks of tropical
depressions and storms
and hurricanes over the
North Atlantic,
Caribbean Sea and Gulf
of Mexico,
June-November
1995.
(National Hurricane
Center, NWS, NOAA,
United States of
America.) ->

1 H Allison
3-6 |un.
2 T Barry
6-10 Jul.
3 T Chantai 12-20 Jul.
28 )ul.-2 Aug.
4 T Dean
31 Jul.-6 Aug.
5 H Erin
6-22 Aug.
6 H Felix
7 T Gabrielle 9-12 Aug.
8 H Humberto 22 Aug.-I Sep.
22 Aug.-4 Sep.
9 H Iris
22-26 Aug.
10 T jerry
11 T Karen
26 Aug.-3 Sep.
12 H Luis
27 Aug.-11 Sep.
13 H Marilyn 12-22 Sep.
14 H Noel
26 Sep.-7 Oct.
15 H Opal
27 Sep.-5 Oct.
16 T Pablo
4-8 Oct.
17 H Roxanne 7-21 Oct.
18 T Sebastien 20-25 Oct.
27 Oct.-I Nov.
19 H Tanya
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tropics and subtropics and are energized over
warm ocean expanses. This will be followed
by a review of extratropical storms.

7.2 Tropical storms over
the Atlantic
For the second time in three years, one of the
world's oceans was besieged by an unusually
high number of storms. As reported in the
previous Review (1995), in 1993 it was the
western Pacific which was affected with a
record number of 32 tropical storms hitting
the Philippines. In 1995, it was the tropical
Atlantic which produced a high number of
storms. Five of the 11 hurricanes reached
Categoiy 3 or higher on the Saffir/Sin ipson
Hurricane Scale with sustained winds of 96
knots (178 km/h) or higher. Total damages
are estimated to be more than US$ 8 000
million for the United States of America, the
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Figure 7.2 -^
Hurricanes Humberto and
Iris and Tropical Storm
Jerry over the Atlantic, 24
August 1995. GOES-8
enhanced visible image.
New storms are
developing to the east of
hiumberto.
INOAA/NESDIS, United
States of America.)

Caribbean and Mexico. The 1995 season was
significantly more active than the 1994
season. During 1994 there were far fewer
tropical storms, although Gordon, a rare lateseason storm and marginal hurricane, was
deadly, claiming 1 000 lives in Haiti during
November. The loss of life from this one
storm was many times greater than all of the
1995 storms put together.

7.2.1 The 1995 Atlantic hurricane
season
The 1995 Atlantic hurricane season featured
19 tropical storms (Figure 7.1), with 11 of
these systems reaching hurricane status. This
is the second largest number of storms and
hurricanes observed in one season since 1871
and 1886 respectively, for the JuneNovember hurricane season. Typically, nine
or 10 tropical storms are observed over the
North Atlantic between June and November,
with five or six of these systems developing
into hurricanes. During the 1995 hurricane
season, 16 of the tropical storms formed
between August and October, with nine
developing during the 33-day period between
28 July and 29 August. Of these nine storms,
five strengthened into hurricanes. Figure 7.2 is
a GOES-8 (geostationary satellite) colourenhanced visible image of the remarkable
parade of storms in late August.
The most devastating of the 1995 Atlantic
hurricanes were Opal, Luis, Roxanne, Felix,
Erin and Marilyn. Each of these storms claimed

at least five lives, with Opal causing the most
(59) deaths. Four of the storms each caused
damages in excess of USS 1 000 million.
Hurricane Opal was an extremely damaging storm and hit the mainland of the United
States of America on 4 October after emerging
from the Yucatan Peninsula a few days earlier,
as shown in Figure 7.1. It was strengthened by
warm water temperatures in the Gulf of Mexico
and minimal vertical wind shear. Opal was a
Categoiy 4 hurricane, measured on the
Saffir/Simpson Scale. Gusts reached 230 km/h
in southern Alabama and the Florida Panhandle
and hurricane force winds extended inland to
Atlanta. Georgia. Storm surges reached 6 m.
and 400 mm of rain fell in places. Opal caused
more than USS 3 000 million worth of damage
in addition to the loss of life.
Luis was the other Categoiy 4 storm of the
season and devastated portions of the Leeward
Islands in the Caribbean Sea in early September,
causing an estimated 16 deaths and damages of
US$ 2 500 million. Roxanne was the first
October hurricane to reach Categoiy 3 intensity
in the western Caribbean since Hurricane Hattie
in 1961. The hunicane crossed the Yucatan
Peninsula, weakened to a tropical storm and
then re-intensified. It was particularlydevastating to the area because Opal had
passed through there two weeks before.
Felix maintained hurricane strength for
well over a week. It affected the island of
Bermuda on two different occasions in
August and caused severe problems along
the Atlantic seaboard of the United States of

55

Figure 7.3 -^
Vertical wind shear
(200-850 hPa) over the
hurricane zone of the
North Atlantic, eastern
Pacific and Americas.
(a) 1985-95 August to
October climatology;
(b) August-October
1995; and
[c] August-October
1994. Blue shading
denotes regions of weak
vertical shear; contours
are in m/sec.
(NOAA/NvVS/CPC,
Washington D.C., United
States of America.!
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number of hurricanes during 1995 was more
than double the three to four hurricanes
observed each year during 1991-94. Landsea,
et al. (1996) noted that the upsurge in hurricane activity during 1995 was most dramatic
in the subtropics (equatorward of 25° ST,
excluding the Gulf of Mexico), where only
one hurricane developed during 1991-94. As a
result of this increased activity, countries
surrounding the Caribbean Sea were struck by
three hurricanes (two being intense hurricanes
— Luis and Roxanne) after experiencing a
record five years with no hurricanes.
Tropical storms over the North Atlantic,
with the exception of the Gulf of Mexico,
are generally triggered by shallow troughs in
the easterly air currents (easterly waves),
which propagate from Africa westw; rd
across the Atlantic. However, the po:ential
for storm intensification is largely controlled
by the vertical wind shear. General!)
speaking, strong vertical shear acts to inhibit
intensification, while weak vertical s iear acts
to aid intensification (Gray 1968).
Climatologically, strong vertical shea: is
observed throughout the Caribbean, large
portions of the subtropical North Atlantic
and the northern Gulf of Mexico (Figure
7.3a). However, reduced vertical wind shear
was observed during the 1995 hurricane
season throughout the entire region from
western Africa to the Gulf of Mexico and the
Caribbean Sea (Figure 7.3b). In contrast, the
stronger-than-normal vertical wind s iear
observed during 1994 (Figure 7.3c)

0"

m/s
2

4

6

America. Erin developed into a tropical
storm from a vigorous tropical wave over
the south-eastern Bahama Islands. After
becoming a hurricane, it crossed over
Florida in the United States of America,
inflicting much damage.
The last of the featured 1995 hurricanes
was Marilyn, which passed over the Virgin
Islands in September, causing eight deaths
and US$ 1 500 million in damage.
The active 1995 hurricane season
followed four consecutive years (1991-94) of
veiy low tropical storm and hurricane activity
over the North Atlantic, when only six to eight
storms were observed each season; the

40-N

Figure 7.4 -*
Tropical storms, severe
tropical storms and
typhoons affecting
South-east Asia, China
and Japan jaj 1994 and
{b) 1995. Tracks shown
to the point where
classification reduced to
tropical or extratropical
low, for which the date is
given. (RSMC Tokyo —
Typhoon Centre and
National Climate Centre,
Beijing. I
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contributed to the reduced tropical storm
activity (only seven named storms during
the season).
Landsea. et ah (1996) noted that other
atmospheric and oceanic parameters were
also extremely favourable for enhanced
tropical storm and hurricane activity during
the 1995 season. In particular, above-normal
sea surface temperatures and below-normal
sea level pressure were observed throughout
the western and central sub-tropical North
Atlantic from August to October. These overall
conditions, combined with a series of intense
easterly waves which originated over northcentral Africa, provided the main ingredients
for the veiy active hurricane season.

7.3 Tropical Cyclones in
the western Pacific —
Many affect China
The western North Pacific had a very active
1994 tropical cyclone season, following the
record number of storms in the previous year.
Figure 7.4a shows the landward tracks of
those tropical storms, severe tropical storms
and typhoons which affected
South-east Asia, China and Japan in 1994.
Eleven such systems, only one less than the
record number which occurred in 1971. made
landfall in southern China, making 1994 the
most severe disaster year in China in the past
decade. The first landfall was on 8 June, some
three weeks earlier than normal. The most
intense cyclone, Typhoon 9417, caused
widespread storm and flood damage and loss
of life, as described in Chapter 5. The season
was advanced in all respects, with the last
date of landfall on 12 September compared to
the normal early October date. Mainland parts
of Japan were crossed by two typhoons and
one tropical storm, less than half the total of
the previous year. Typhoon 9426/Orchid
brought heavy rains in late September. On the
other hand the Ryukyu/Nansei Islands
experienced the passage of six or seven
typhoons. The total number of tropical
cyclones in the western North Pacific was 36,
probably the second highest since 1951.
Figure 7.5 shows the numbers which
traversed some part of each 5° latitude by 5°
longitude box (right figure in each box).
However, only six systems affected the
Philippines, significantly fewer than the record
32 which impacted the area in 1993In 1995. a total of 23 tropical cyclones,
including nine typhoons, appeared in the
western part of the North Pacific; the normal
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number of cyclones is 28. Figure 7.5 (left
figure in each box) clearly shows the
decrease in activity from the previous year.
However, 13 of these cyclones affected the
South China Sea. with nine of them making
landfall in China, eight over the coastal
stretches of Guangdong and Guangxi
Provinces and Hong Kong as shown in Figure
7.4b. In contrast to 1994. the time of the first
landfall was one month later than normal.
These cyclones were beneficial in one sense
by relieving summer drought conditions, but
they also resulted in severe flooding, in which
many hundreds lost their lives and massive
destruction of dwellings and agricultural land
occurred. The direct economic losses from
tropical cyclone activity in China during 1995
totalled approximately USS 18 000 million.
Super Typhoon Oscar brought welcome
rains to southern and eastern Japan in midSeptember 1995. Super Typhoon Angela, the
strongest typhoon to hit the Philippines since
Typhoon Nina in 1987, struck the central
Philippines in early November 1995, with
winds gusts of up to 315 km/h. destroying a
half million homes and claiming more than
900 lives. Heavy rains continued across
portions of the Philippines into early 1996,
aided by the effects of Tropical Storm Cam.

Î Figure 7.5
Number of tropical and
severe tropical storms
and typhoons appearing
in each 5° x 5° area of
the western North Pacific,
left figure I 995. right
figure 1994.

7.4 Eastern and central
Pacific cyclones
The major story during the period of this
review was the development of strong
hurricanes during 1994. Abnormally warm
waters across the vast expanse of the tropical
central Pacific Ocean contributed to the
development of hurricanes with immense
strength. In July 199-4. hurricanes Emilia and
Gilma both sustained winds of almost 260
km/h as they passed well south of Hawaii.
Both storms shattered records for the most
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crossed the northern tip of the island. After
crossing the Mozambique Channel, Nadia
went into northern Mozambique, where more
than 200 lives were lost and reports indicated
that more than a million people were left
homeless. The intense rains associated with
the five tropical systems totalled 125—155 per
cent of normal for the January to March
period throughout much of central and
southern Madagascar.
Figure 7.7 shows the cyclonic storms
with tracks over India, the Bay of Bengal
and Arabian Sea for 1994 and 1995. On 2
May, 1994 Tropical Cyclone 02B, a severe

<~ Figure 7.6
Duration {days) of tropical
storms and hurricanes in
the eastern North Pacific,
and numbers for each
duration 1965-95.
INCDC. United Slates of
America.}
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intense storms ever observed in the central
Pacific. However, in August, Hurricane John
became the strongest storm ever recorded in
the region as it passed south of Hawaii.
Fortunately, the storm never affected any
inhabited areas with its sustained winds of
275 km/h. gusting to 330 km/h. John was a
remarkably long-lived storm as it crossed the
international date line twice, finally becoming
extratropical one month after its formation.
Figure 7.6 shows, for the 31-year period
1965-95, the number of tropical storms and
hurricanes in the eastern North Pacific
according to their duration and clearly
demonstrates the unique nature of John's
existence.
Overall, the number of tropical storms
(17), including hurricanes (nine) in the
eastern North Pacific in 1994 was veiy close
to the average (16 and nine, respectively)
since 1966. In 1995, the numbers were
below average (10 storms, including seven
hurricanes). One hurricane in each year
made landfall in western Mexico.

7.5 Cyclones in the Indian
Ocean
During early 1994, the south-western portion
of the Indian Ocean was a very active region
as five tropical storms made landfall on
Madagascar during the first three months of
the year. Cyclones Daisy (mid-January) and
Geralda (early February) traversed the
southern and central portions of the island.
The latter cyclone reportedly left a half
million homeless and caused the loss of more
than 200 lives; 400 mm of rain fell and winds
reached 300 km/h. Geralda was described as
the "Cyclone of the Century" because of the
extreme devastation on the east coast. In
March, Cyclone Nadia, with sustained winds
of 185 km/h, claimed a dozen lives as it
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cyclonic storm with maximum winds
estimated at 250 km/h, claimed 250 ives in
Bangladesh and left a half million homeless;
damage was also caused in the extreme east
of India and in western Myanmar. The centre
of a severe cyclonic storm crossed the
megalopolis of Madras on 31 October, 1994,
probably the first incidence of such a hugely
populated area being directly hit. Gusts
reached 132 km/h. Although the death toll
was approximately 300, both in this case and
for TC02B, advance warnings and
preventative measures kept casualties to a
minimum compared to those resultir g from
the devastating cyclone of 1991.
Two severe storms formed over the Bay
of Bengal in November 1995. The first
crossed the Indian coastline on the 9th, with
maximum sustained winds of about 140
km/h; three million hectares of crops and
several thousand dwellings were damaged in
coastal areas. The second reached its peak
intensity (sustained winds of around 190
km/h) on the 24th, well away from land,
and caused relatively little damage.
Overall, the number of cyclonic
disturbances crossing India in the simmer
months (June to September) of 1994 and 1995
was only half the average. In January of 1996,

7. Storms

tropical storm Bonita deviated markedly from
the climatological tracks of south-west Indian
Ocean storms by completely crossing the
southern African mainland and emerging off
the west coast of Africa in the Atlantic Ocean.
Bonita caused considerable destaiction and
loss of life in Madagascar and was
responsible for heavy and unusual rainfall in
the different African countries it crossed.

7.6 Tropical Cyclones
affecting Australia and
the South Pacific
In mid-December 1993, tropical cyclone
Naomi became the first cyclone since March
1992 to make landfall over Western Australia
when it crossed the north-western coast.
Heavy rains (up to 300 mm) and strong
winds (gusts to 150 km/h) accompanied its
passage. In January and February 1994 other
tropical systems affected Western Australia
and Queensland (Figure 7.8a), bringing
abundant rainfall to some areas. Further
east, tropical cyclone Rewa was noteworthy
in that it looped across the Coral Sea for
nearly a month, crossing New Caledonia
along the way. "Winds remained above gale
force from 29 December, 1993-21 January,
1994, making it the longest-lived cyclone
ever in the south-western Pacific. Tropical
Cyclone Sarah lashed Vanuatu in late
January, and then passed south-eastwards
across Kamadec and Raoul Islands. New
Caledonia had further gales, from Tropical
Cyclone Theodore, in late February.
Heavy rains over inland Western
Australia were an outstanding feature of the
1994/95 and 1995/96 seasons. The tendency
was for tropical cyclones (Figures 7.8b, c) to
cross the north-western Australian coast, then
track south-eastwards as depressions across
inland Western Australia. While this is not in
itself a rare event, the frequency of such
events in these two seasons, and the amount
of rainfall they produced was unusual.
The first cyclone (Annette), in December
1994, resulted in much-above-average
rainfalls across a wide area of the country.
This event largely compensated for a year of
minimal rainfall over the hinterland, resulting
from an almost complete absence of "Northwest Cloud Bands," normally the dominant
rainfall source in the cooler months. Tropical
Cyclone Bobby (Figure 7.9), which struck the
Western Australia coast near Onslow on 24
Febaiary 1995, was probably the costliest
single weather event during that year. This

cyclone caused the loss of two trawlers, with
all seven hands. Onslow experienced
torrential rain (425 mm in 48 hours) and
destructive winds (gusts to 183 km/h), with
the mean sea level pressure dropping to 952
hPa. Bobby then drifted to the south-east,
degenerating into a depression by the 26th,
and produced widespread heavy rain and
damage, as described in Chapter 5.
Tropical Cyclones Frank and Gertie (in
December 1995) and Kirsty (March 1996)
produced copious rainfall in north-western
Australia and some inland areas, Kirsty
eventually becoming an intense
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extratropical depression and causing
extensive wind damage as it tracked southeastward into South Australia. In April 1996,
Tropical Cyclone Olivia brought peak gusts
of around 260 km/h (close to an Australian
record) to north-western Australia, causing
property damage and again bringing record
rainfall to places in Western Australia and
the Northern Territory. Over Queensland,
Tropical Cyclone Barry brought rain and
floods in January 1996 and the east coast of
the North Island of New Zealand was
drenched by the degenerating Tropical
Cyclone Beti in late March.

Figure 7.8 Î
Tropical cyclones over
and around Australia,
(a)
1993/94;
lb) 1994/95;
and
(c) 1995/96.
(Bureau of
Meteorology, Australia.}
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7.7 Extratropical storminess
7.7.1 North Atlantic region and
Europe
Since 1956, all low pressure systems in the
North Atlantic with core pressure values of
950 hPa or lower have been tracked and
counted. Figure 7.10 depicts the increase in
the number of these storms in the past eight
years, for the months November through
March. The totals during the period of this
review have decreased considerably from
the maximum values occurring from
1989-93, but they are still above the longerterm average. There are other ways to
ascertain whether "storminess" is reallychanging. In Figure 7.11, the standardized
deviations of the zonal index is presented
for the same 40-year period. Note the
general agreement between Figures 7.10
and 7.11 for the last eight years. The zonal
index shown reflects the mean pressure
gradient between 35° and 65°N, so there
should be some correlation with the number
of strong storms. The 1995/96 winter season
shows a below-normal anomaly for the
zonal index, corresponding with the
decrease in the number of strong storms.
During the winter of 1993/94, storms
caused surplus precipitation over much of
central Europe; various flooding events are
described in Chapter 5. Heavy snows caused
the loss of more than two dozen lives from
the British Isles eastward to Russia and the
Ukraine, and from the Baltic Sea southward
to Turkey. A severe storm which hit western
Norway on 23 January, 1994 caused a
14 000-ton hotel platform to break adrift in
Bergen harbour and seriously damaged the
fish farming industry. A major change to the
upper-air storm track in mid-August 1994
steered several strong storms across southern
Scandinavia and the Baltics. In late
September, more than 900 lives were lost
when a ferry boat sank in high seas (with
waves as high as 22 metres) caused by one
of these storms in the Baltic Sea.
In 1995, beginning in mid-January, a
series of powerful Atlantic storms brought
heavy precipitation and severe flooding to
portions of the United Kingdom, northern
and eastern France, Belgium, The Netherlands
and Germany; again, the consequences are
described more fully in Chapter 5.
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7.7.2 Eastern and central North
America
This region experienced a generally cold
and stormy winter in 1993/94 with some
major snow and ice storms. In late January,
in Canada, the Toronto/Pearson
International Airport was completely shut
down for the first time in its 57-year
history. Storm systems plagued the region
through February, when a powerful East

Coast storm system caused considerable
rain, snow and winds, leaving millions of
people without electricity. During March,
April and May, strong storms caused havoc
in the south-eastern United States of
America, accompanied by tornadoes that
claimed at least 50 lives.
In January 1996, for the second time in
three years, a paralysing blizzard hit the
eastern sections of the United States of
America. Record snowfalls, up to 120 cm,
were recorded at a number of sites; airports
were closed and other modes of
transportation were virtually eliminated.
More than 1 000 tornadoes were
reported in the United States of America in
both 1994 and 1995. Tornadoes are usually
a product of severe thunderstorms and
often accompany the landfall of a
hurricane. Figure 7.12 depicts a time series
of recorded tornadoes in the United States
of America for 1953-95. May 1995
produced a record number of tornadoes

t Figure 7.9
Three-dimensicnal radar
imagery of tropical
cyclone Bobb) near the
time of landfai over
north-western Australia,
24 February ! 995. The
image was constructed
from a series of 15
volumetric sea is at
selected eleva'ions,
observed by t] e
Learmonth raôv in northwestern Auslro'ia. A
threshold reflectivity of 12
dB was used, and the
colouring represents the
maximum elevnton at
which this threshold
frequency is a tcined
(green shades hw
levels; reddish shade,
high elevation. I. (Phil
Purdam, Rada Section,
Bureau of Meteorology,
Melbourne.]
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«- Figure 7. 10
Number of North Atlantic Ocean low pressure systems
with core pressure less than or equal to 950 hPa for the
1995/96 winter season (November-Marchj. Year is
that of end of winter season. (Deutscher Wetterdienst.j
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Figure 7.12 t
Annual number of
observed tornadoes in
the United States of
America,
1953-95
(National Climatic Data
Center, USA.)
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across the contiguous United States of
America. Nearly 500 tornadoes touched
down across the country, which is the
largest number for any month since
records began in 1953.

7.7.3 North-western United States of
America
A strong upper-level jet stream, oriented in
a west-to-east (zonal) direction persisted
across the Pacific North-west area of the
United States of America during late 1995.
resulting in a series of strong, fast-moving
storms. From mid-November through midDecember, the storms brought 200-500 mm
of rain to western parts of the region,
causing flooding which approached the
severity of the "Hundred-Year Flood" of
November 1990. After a southward shift in
the storm track during mid-month and drier
weather during late December, precipitation
again increased as 1996 began.

Two major episodes of damaging westerlygales occurred over the southern states of
Australia in 1994. On 23 May, a rapidlyintensifying low pressure system generated
storm-force winds in the south-west of
Western Australia. Wind gusts exceeded 140
km/h, causing power failures and
widespread damage to buildings. As the
deep low pressure system moved east over
the next three days, gales triggered
widespread dust storms in South Australia
and north-western and central Victoria
(repeated over South Australia a few days
later). Such events are rare in May.
Bushfires also broke out over South
Australia on the 25th, due to the
exceptionally strong winds following a very
dry autumn. On 6-7 November, gale to
storm-force south-westerly winds caused
extensive damage over south-eastern
Australia, again triggering dust storms
inland. The strongest recorded wind gust
was 151 km/h on the Victorian coast.

7.7.5 Middle East and Asia
A series of storms moved across the Middle
East from mid to late November, 1994 forcing
the closure of some Egyptian harbours and
delaying convoys in the Suez Canal. Blizzards
isolated villages in eastern Turkey while
torrential rains in Iran claimed at least 10
lives, destroyed more than 10 000 homes and
caused more than USS 170 million worth of
damage. A late December snowstorm in
eastern Turkey contributed to an aeroplane
crash that claimed more than 50 lives.
Hurricane-force winds and severe
blizzards swept Kamchatka and Sakhalin in
the far east of the Russian Federation in
November and December of 1994; a little
earlier in the year (October), Sakhalin had
suffered hurricane-force winds from
Typhoon Seth.
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Chapter 8

The Cryosphere
8.1 Introduction
Huge tracts of the earth's surface — the
polar regions, northern North America,
Greenland, northern Asia and mountainous
areas elsewhere — are covered by ice or
snow or are embedded with permafrost.
The cryosphere has a substantial impact on
and response to variations in climate. Some
interactions are relatively straightforward,
for example, snow melting from contact
with warm air masses. Others are more
complex, such as the change in surface
albedo upon complete melting of snow,
which then results in a change of heat storage in near-surface layers with subsequent
impacts on surface air temperature and permafrost. Changes in albedo are important in
global climate modelling and climate
change projection. Changes in the presence
of ground, sea and river ice are of major
importance to human activities and economic development.

8.2 Sea ice
Sea ice is a critical, interactive component of
the climate system, both influencing and
responding to climate change. Enhanced
greenhouse gas-induced heating of the
oceanic surface layers could delay the onset
of formation and reduce the extent of ice,
reducing albedo and thus producing a
further enhancement to the warming. Largely
because of this positive feedback
mechanism, enhanced greenhouse scenario
GCM simulations show warming in the high
latitudes, especially the Arctic (e.g. Mitchell,
et ai, 1995). Thus, the polar regions are
often considered prime locations for the
early detection of global warming. For such
climate applications, global sea ice can be
most effectively monitored using data from
polar-orbiting, satellite-borne passive
microwave sensors. Recent sea ice variations,
as derived primarily from these data, will
therefore be summarized.

*- Figure 8. 1
Monthly anomores {millions
km2) of Arctic sea-ice
extent, November
1978-August 1995,
derived from sa< zllite
passive microwave data
and least square s fit. The
1995 ice minin um is
evident at the er d of the
record. (WDC-s.hr
Glaciology/NSIDC,
United States of America.!
*- Figure 8.2
Comparison of the extent
of the September perennial ice in 199J-95
(medium gray c rea] and
1979-89 (dai: gray and
medium gray a'ea). The
dark gray area indicates
the additional Arctic
Ocean area that was icefree m 1990-95. The
remainder of the Arctic
Ocean study domain is
defined by the 'ight grey
area. The numbers indicate geograph c region:

MffW

Regression analysis (Bjoergo, et al, 1997)
of changes in Arctic ice extent (the area
enclosed by the ice edge), derived from the
microwave data for 1978-95, revealed a 4.5
per cent decrease during this period (Figure
8.1). It is noteworthy that annual sea ice
minima during this decade (1990, 1993 and
1995) are among the lowest in the microwave
record (1978-95). These minima are
associated with ice reductions in the Siberian
sector of the Arctic (Figure 8.2), and appear
to be linked to anomalous atmospheric
circulation in the Eurasian Arctic (Serreze, et
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1) East Siberian Sea,
2) Laptev Sea, 3) Kara
Sea, and 4) Barents Sea.
IWDC-A for G aciology/
NSIDC, Unitea States of
America.]

*• Figure 8.3
Monthly anomalies
(millions km2) of Antarctic
sea ice extent
November
lÇ78-August
1995, derived horn
satellite passive
microwave dcrc and
least squares fit. (WDC-A
for Glaciology/ NSIDC,
United States of America.)
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al., 1995; Maslanik et ai. 1996). However, this
pattern of decreased ice extent in the Siberian
sector did not occur in 1996. In addition to
decreases in ice extent, there are indications
of reduced ice concentration (the proportion
of ice-covered ocean in a given area) in the
Barents, Kara and Okhotsk seas. In contrast,
the ice cover has tended to increase in the
Bering and Labrador seas, apparently in
relation to North Atlantic Oscillation (NAO)
and El Nino-Southern Oscillation (ENSO)

Figure 8.5
Extent of the Prince
Gustov ice shelf in (a)
1843 and (bl in 1995.
(British Antarctic Survey,
Cambridge, United
Kingdom.j ^
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Figure 8.4 t
Changes in the extent of
the Larsen and Prince
Gustav ice shelves off the
Antarctic Peninsula,
between 1979 and
1995. {British Antarctic
Survey, Cambridge,
United Kingdom.)

forcings (e.g. Mysak, et al., 1996). This is a
common pattern of antiphase relationships in
ice extent in Arctic regional seas.
In the Antarctic, regression analysis
(Bjoergo, et al., 1997) of sea ice parameters
around the whole continent shows no
significant changes for 1978-95 (Figure 8.3).
However, analyses of earlier data revealed
substantial positive and negative regional
trends.

8.3 Antarctic ice shelves
While most of the Antarctic ice sheet is
grounded in rock, in some coastal areas it
has floating extensions, or ice shelves. As
described in Chapter 3, there has been a
marked increase in temperature in recent
years over the Antarctic Peninsula. At the
Faraday station (Figure 8.4) mean annual air
temperature has risen by more than 2°C
since the 1940s (Morrison, 1990; King, 1994).
Warming has led to a contraction of the

„ ;,„•

climatic limit of the ice shelves around the
Peninsula; five have disintegrated over the
last 100 years.
The boundaries of the Larsen and
Prince Gustav Channel Ice Shelves to the
east of the Antarctic Peninsula are also
shown in Figure 8.4, as they were in 1979
and in 1995. Greater detail on the Prince
Gustav Ice Shelf is shown in Figures 8.5a
and b, derived respectively from surface
surveys undertaken in 1843, and from
satellite-borne radar measurements following a relatively sudden disintegration in
early 1995 (Vaughan and Doake, 1996).
For the first time in living history, James
Ross Island is circumnavigable by ship.
The northern section of the Larsen Ice
Shelf also broke up rapidly in January and
February 1995, through widespread fracturing of the entire ice surface, as shown
on the front cover. Some 50 km to the
south, a giant iceberg, measuring 78 x 37
km and about 200 m deep, calved away
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Figure 8.6
NOAA satellite image
(27 February, 1995} of
the calving of the giant
iceberg (outlined in red)
from the Larsen Ice Shelf
east of the Antarctic
Peninsula. The
northernmost part of the
peninsula (snow
covered) is clearly seen.
(British Antarctic Survey,
Cambridge, United
Kingdom.) 4*

from the ice shelf. Although it broke into
several pieces, the largest of these was
still visible a year later (January 1996) free
of the peninsula and moving rapidly
towards South Georgia. The satellite
image (Figure 8.6) shows the giant
iceberg (outlined) as on 27 February.
1995. While retreat of the ice shelves can
be related to regional climate change,
calving of icebergs is a normal occurrence
in the life of ice shelves.

8.4 Northern hemisphere
snow cover
Figure 8.7 illustrates variations in the seasonal snow-covered area in the northern
hemisphere derived from satellite imagery,
for the period autumn 1972-summer 1996.
Anomalies are in terms of standard deviations from the 1972-95 seasonal averages.
The most noticeable feature of the 1990s is
the steady increase in spring and summer
snow cover extent from the minimi, m
satellite observed values in 1990. Ir 1996,
spring snow extent was above average for
the first time in nine years. The variation
in area covered by spring snow is shown
in Figure 8.8.
The average annual anomaly in
duration, over the three years September
1993-August 1996, had spatial variations as
shown on the map in Figure 8.9. M( st areas
experienced snow cover conditions close to
the 1972-95 average. Few areas exhibited
variations greater than ±1.0 standard
deviation, and no areas were observed with
average anomalies exceeding ±2.0 standard
deviations. For North America, the main
features were below-average snow cover
duration over western regions and aboveaverage conditions over the continental
interior. For Eurasia, the most noticeable
features were above-average snow cover
durations over south-eastern Europe and
Turkey and below-average values in a band
stretching from Iran to Tien Shan.
The number of weeks of lying snow in
the northern hemisphere winter of 1994/95
is mapped in Figure 8.10a, with the
anomalies (in weeks) shown in Figure 8.10b.

Arctic Climate System Study
The Arctic Climate System Study (ACSYS)
of the World Climate Research Programme
(WCRP), began on 1 January, 1994 and is
expected to continue until 2003. The
programme includes, for the first time, a
comprehensive hydrographie survey of the
Arctic Ocean by ice-breaking vessels
crossing the ice pack (green line on map
shows route taken in 1994), extended
ocean-current and hydrography
measurements, observations of ice
thickness using acoustic techniques, and observations of
ice-drift velocity by sea-ice drifting buoys. Supporting
studies of Arctic haze and clouds and their effect on
surface radiation over the polar ice cap are also planned.
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Special efforts are being made to ascertain
precipitation amounts over the Arctic
(mainly in solid form) and to collect
information on the discharge of fresh
water from rivers into the Arctic Basin.
ACSYS is all the more important in
view of the potential impacts of global
warming in the Arctic. Global trade routes
and access to natural resources in Arctic
regions could be dramatically affected, and
fish stocks and fishing grounds sign ficantly
modified. A notable warm anomaly has already beer
observed in the Arctic Ocean, with increases of temperature
as much as 1°C in the core of the Atlantic layer. Significant
warming has also been detected to a depth of about 2 000 m.

8. The Cryosphere

Figure 8.7 -^

Fall (SON) [~Z
Winter (DjF) \~_
Spring (MAM) H
Summer (JJA) I
I

Time series of standardized anomalies of northern
hemisphere snow covered area (SCAj for the fall (SON),
winter (DJFj, spring (MAM} and summer (JJAj seasons
between fall 1972 and summer 1996. Anomalies were
computed using the mean and standard deviation for the
1972-95 period. Snow cover extent was estimated from
satellite imagery. {From
NOAA/NWS/CPC,
Washington, D.C.. using data provided by NOAA/
NESDIS and D. Robinson, Rutgers University, j
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The dynamics of Arctic sea ice from SSM/I imagery
Adapted

from a contribution

by T. A. Agnew

The higher pixel resolution of 85.5 gigahertz
channels on the space-borne Special Sensor
Microwave Imager (SSM/I) can be used to
observe the sea ice surface. At pixel
resolutions of 12.5 km, large multiyear ice
floes and large leads which form over the
Arctic Basin can be resolved. Animation of
daily imagery over periods of several
months to several years reveals important
dynamic behaviour of the sea-ice pack not
observed before. The method has been
completely automated in a software package
called Tracker (Hirose, et ai, 199D- Figure
8A shows ice motion vectors (yellow)
estimated between 13 January and 17
January, 1994 using the image matching
technique. The small square marks the
beginning of the displacement vector. The
red vectors are ice motions estimated from
Arctic buoy drift. The large circular region
centred over the North Pole is a data void
region of the sensor. The ice motion shows
the very strong anti-cyclonic Beaufort Sea
Gyre in the Canada Basin and large ice
motion in the Fram Strait (between Svalbard
and Greenland). This is consistent with the
surface pressure pattern at the time, which
was characterized by a very intense
anticyclonic circulation over the Canada
Basin/Beaufort Sea and a strong pressure
gradient over the North Greenland Sea. The
average displacement of all the Arctic buoys
over the Basin is 6.5 km per day. The
average motion at the buoy locations using
the imaging technique is 6.6 km per day.
Sea ice motion is important for
understanding climate processes at the sea
ice-atmosphere-ocean interface. Differential
ice motion determines the extent of open
water within the ice pack which in turn
greatly influences local sensible and latent
heat exchange with the atmosphere, the rate

and H. Le, Atmospheric

Environment

Service,

of new ice production, brine production
within the surface layers of the ocean, and
ice ridging and thickness distribution. On
longer time scales, sea ice motion
determines the rate that sea ice is advected
out of the Arctic Basin through the Fram
Strait and through the Canadian Archipelago,
and is therefore important in sea ice budget
studies of the Arctic Ocean. This is also
important in determining the rate of
freshening of the North Atlantic and the
intensity of thermohaline circulation of the
global ocean (Aagaard and Carmack, 1989).

Canada

Figure 8A
Estimated four-day
ice motion vectors
for 13-17January,
1994, with SSM/I
85.5 Ghz image for
I 3 January as
background. Ice
motion vectors in
yellow are obtained
using the maximum
cross correlation
technique and
vectors in red are
from Arctic drifting
buoys. (AES,
Canada.}
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In spite of the record warmth which
developed over European and Asiatic Russia
by February, much of the region still had
continuous snow cover, although in
peripheral regions marked anomalies do
appear.
Figure 8.11 depicts the anomalies in
the following winter, i.e. December to
February 1995/96. Excessive durations can
be seen in much of eastern Europe, southwestern China and the eastern United States
of America, with major deficiencies over the
Rocky Mountains, east of the Caspian Sea,
and parts of northern China. Figure 8.12
shows details of the 1995/96 autumn and
winter snowfall over the United States of
America.
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«- Figure 8.8
Time series of northern
hemisphere snowcover
area, millions I m?, for
the spring seaion (MAM)
estimated from satellite
imagery. (NOAA/
NWS/CPC
using doto
provided by
NOAA/NESC'S
and
D. Robinson, hutgers
University.)
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8.5 Eurasian river freezing
and breakup
Dates of river and lake freezing and breakup
are a good indicator of climatic conditions,
especially in autumn and spring. Research on

Spring snow and climate change
Adapted from a contribution by Ross Brown, Atmospheric Environment Service (AES), Canada

Spring snow cover extent is expected to be a
sensitive indicator of global climate warming;
Groisman and others hypothesized that die
observed increase in global air temperatures
during the 20th century is likely to have been
significantly enhanced by corresponding
decreases in spring snow cover extent and its
feedback on radiative balance. This hypothesis
is difficult to test because reliable satellitederived observations of snow covered area
(SCA) are only available from the early 1970s.
As part of ongoing research at the
Climate Processes and Earth Observation
Division of Environment Canada to
document and understand interannual
variability in snow cover, principal
component (PC) analysis has been applied
to several snow cover datasets (in-situ snow
depth observations, reconstructed snow
cover from daily clima to logical data and
satellite snow cover extent data) to estimate
interannual variability in spring SCA over
North America (NA) and Eurasia (EUR)
from 1915 to 1985. The reconstruction
method is based on the observation that
interannual variability in seasonal snow
cover extent is mainly attributable to snow
cover fluctuations in a relatively small
number of clearly-defined response regions.
The method is able to explain 81 per cent
and 67 per cent respectively in the variance
in satellite-derived spring SCA over NA and
EUR. The results suggest spring SCA has
decreased significantly over Eurasia this
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century (Figure 8B[a]) but there is no
evidence of a similar long-term decrease in
spring snow cover over NA (Figure 8B[b]).
The reconstructed results are consistent with
observed 20th century mid-latitudinal spring
air temperature trends, which show much
greater warming over Eurasia than over NA.
Further details on the method and results
are available in Brown, 1996.

Ficuie 8.9 *
Average annual
(Septemi e'-August)
standardized i now cover
duration anonalies over
the (093/94
to
1995/96 ; now cover
seasons. Snow cover
duration anon alies were
computed as in
Figure 8.7. Areas in
white hcd no snow
cover or average snow
cover anomalies less
than ±0.5 standard
deviations.
(NOAA/
NWS/CPC,
Washington, P.C., using
data from NESDIS and
D. Robinson, Rutgers
University.)
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Anomalies (w?eks) in the
duration of now cover
in the northern
hemispi ere, winter
1994/95.
(NOAA/NWS/CPC,
Washington, D.C)
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Figure 8B(aj Estimated variation in Eurasian spring
(MAM) snow cover extent for five regions for
1915-94 (green line). The red line shows satellite
observations. R. Brown, AES, Canada.
Figure 8.Bb) Estimated variation in North American
spring (MAM) snow cover extent from nine regions for
1915-94 (green line). The blue line is an earlier
estimate using five regions from Brown and Goodison
(estBG), 1996. The red line shows satellite observations
of snow covered area. [R. Brown, AES, Canada.)

Figue 8.1 I *
Anomalies (weeks) in the
duration of .now cover
in lie northern
hemisphere, .vinter (DJF)
1995/96.
(NOAA/NWS/CFC,
Washington, D.C.)

8. The Cryosphere

150% to 200%
200% to 300%
> 300%

1

-° ^ >

1.5
90 "E

Weeks
ks

120

60 E

IM&ÊLJ

12

1.50 E

6
180

V

c

Mftsî

%èÀ

^Çf
Â

3

1 so vv

30 VV

1

60 W

120 W

90 E
Weeks

I

120 E

60 E

W

*"

: >

Vi^y

•» t
Ift »

150 E

yjn / /
4\M V

v3K11
^ ^ j w L HtfnL
180

'\
•

')
150 W

V"
r
f' *

*
1 20 VV

TTWil

>M

y

VA:
7

30 VV

""î\

60 VV

their changes over the last century, begun by
hydrologiste of Russia, the United States of
America, Canada and Finland in recent years,
has both practical and wider climatic
significance in these regions. The most
complete spatial and temporal analysis of
these phenomena has been undertaken in
the Hydrometeorological Research Centre of
Russia for all navigable rivers of the former
Soviet Union for the period 1893-1991.
Observational data on ice were generalized
within the regions shown in Figure 8.13 and
normalized linear trends of autumnal freezing
and spring breakup have been produced.
Interannual variability and long-term
changes are greatest in region 2 (i.e. European
Russia, the Ukraine and Baltic countries). Here
the trend analysis indicates ice appearance
dates are some 15 to 20 days later than a
century ago and the breakup dates around 10
days earlier, reducing the ice period by 20-30
days in all. The secular variations of ice period
in regions 1 and 3 (western Siberia) are
around seven to nine days (reduction) and in
region 5 a five-day reduction, while in middle
and eastern Siberia (region 4) a slight increase
is apparent. Strong correlations of formation
and break-up are found with mean air
temperature over the previous four weeks.

t Figure 8.12
Percent of norma! total
snowfall, September
1995-February 1996 in
the north-eastern United
States of America.
INOAA/NWS/CFC,
Washington, D.C )

Figure

8.13

European and Asian
regions for which river ice
data are calculated and
referred to in the text.
(Hydrometeorological
Research Centre for
Russia, Moscow, Russian
Federation.! •b
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Federation.)
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Glacier monitoring
Observing glaciers

1000

750

Internationally coordinated long-term glacier
observations started in 1894 with the
establishment of the International Glacier
Commission in Zurich, Switzerland. The goal
of this worldwide glacier monitoring
programme was to provide answers to
fundamental questions about mechanisms of
modern climate and glacier variations. Since
1894, the goals of internationally coordinated
glacier monitoring have evolved and
multiplied. Today, glacier signals including
mass balance are recognized as highconfidence temperature indicators and as a
valuable element of early detection strategies
in view of possible man-induced climate
change (Intergovernmental Panel on Climate
Change, 1995). The World Glacier
Monitoring Service (WGMS) of the
International Commission on Snow and Ice
(ICSI/IAMS) is responsible for collecting and
publishing standardized glacier data as a
contribution to the Global Environmental
Monitoring System (GEMS).
Glacier fluctuations reconstructed for
historical and Holocene time periods
based on direct measurements, old
paintings, written sources or moraines
indicate that glacier extent in many
mountain regions may have varied over
the past centuries and millennia within a
range defined by the extremes of the Little
Ice Age's maximum advance and today's
reduced stage. The general shrinkage of
mountain glaciers during the 20th century
can be seen as a major reflection that
rapid secular change in the energy balance
of the earth's surface is taking place on a
global scale. The characteristic rate of
change (a few tens of centimetres ice
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Figure 8C(a)
Annual nef ma. s balance
(water équivale .r net loss
in mm) averagco across
33 glaciers ard 1 1
mountain ranges (World
Glacier Monitc ring
Service, Zurich
Switzerland.)
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Figure 8C(b)
Annual cumula ive net
mass balance wafer
equivalent net oss in mm)
averaged across 33
glaciers and 1 I
mountain ranges (1980
to 1995. Word Glacier
Monitoring Ser/ice,
Zurich, Switze-'and.)
Mean of 33 glaciers
Mean of 11 mountain ranges
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depth per year) as deduced from glacier
mass losses is broadly consistent with the
estimated anthropogenic greenhouse
forcing (a few W/m 2 ).

Changes in glacier mass
One of the important characteristics by
which glaciological change is judged is the
"mass balance," the difference between ice
and snow accumulation to a glacier, and
melting from it. Continuous mass balance
records for the period 1980-1995 are nowavailable for 33 glaciers (Haeberli, et al.,
1996). The data from this sample of glaciers
in North America, Europe, Asia and Africa
are summarized in the following table.

Figure 8D
Cumulate e net mass
balance oc individual
glaciers (watei equivalent
in metres), various dates
to 1995. (Wc rid Glacier
Monitoring Service,
Zurich, Switzerland.)
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During 1993 European rivers froze
earlier than usual, contradicting the trend,
but the most notable features of the 1993-95
period have been the late freezing of the
Siberian rivers in 199-+ and 1995 and. even
more so. the extremely early breakup of
river ice in much of European Russia.
surrounding countries and western Siberia in
1995, as depicted in Figure 8.14. Southern
rivers in the European sector broke up in
February, a month before the usual date, and
those in the north broke up in April, one to

Annual water equivalent changes (mm)
averaged over 33 glaciers*
Hydrological years

1980 to 1995

1993/94

1994/95

Mean (annual) net balance

-2S1 mm

-556 mm

-132 mm

Standard deviation

±500 mm

±663 mm

±781 mm

Largest reduction for any glacier - 1 193 mm
per annum

- 2 010 mm

-2 486 mm

Largest increase for any glacier
per annum

+811 mm

+780 mm

+1 700 mm

Range

2 004 mm

2 790 mm

4 186 mm

24%

15%

Glaciers with increased balance

T

]

i

1 1 1 [

1 1
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r

Alfotbreen (Norway)
Djankuat (Russia)
Maliy Aktru (Russia)

Sarennes (France)
g15
OJ

5
Ï

%
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Ê 0
OJ
U

g -5

~*«
.

1970
Year

The mean over 33
glaciers of the
difference in mass
from one year to the
next, with the
measurement being
taken once per
hydrological year on
each glacier during
or near the end of
the summer melt
period.

Taking the two-year period 1993-1995.
the mean net mass balance was negative by
344 mm or roughly one third of a metre of
water equivalent per year, a value which is
about one quarter higher than the average
for 1980-1995- The two-year proportion of
mass balances which were positive was

two weeks early. However, for some major
rivers in the north, the Pechora and lower
Ob, breakup occurred 18-25 days early; for
the Ob and other rivers in the far North, this
was 10 days earlier than in any other year in
the long period record. In eastern Siberia, ice
persisted later than usual over a large area,
continuing the long-term trend. During the
last decade a very early breakup of river ice
in southern and central parts of the former
Soviet Union has been observed in 1989 and
1990. in addition to 1995.

about one quarter of the sample — roughly
corresponding to the average for 1980-1995.
The mean balance of the 33 glaciers is
strongly influenced by the large number of
Alpine and Scandinavian glaciers in the
sample. A better global picture is obtained
by using only one representative value of
mass balance for each of the 11 mountain
ranges involved. Figures 8C (a) and (b)
respectively show the mean annual and
cumulative net balances, for both the glaciers
and the mountain ranges. The mountainbased data in particular show some increase
in melting over the five-year period
1990-1995 (-A21 mm per year) compared to
the 1980-1990 period (-368 mm per year).
As indicated in the table, there is a very
large difference in net mass balance for different glaciers, especially for 1994/95. Cumulative
net balances are shown in Figure 8D for individual glaciers. Some (e.g. Sarennes and Place)
have been subject to massive mass reductions
in recent years, whereas others (Maliy Aktru
and Djankuat) have been fairly stable and a
few (Alfotbreen and Nigardsbreen) have seen
moderate increases. In general, the increases
are found in mainland Scandinavia, stability in
southern Russia/Kyrghizstan, and large reductions in the European Alps and Pacific coastal
ranges of North America, while in other parts
of the globe, moderate reductions in mass
balance are found. However, the balance
values and curves of cumulative mass balances
reported for the individual glaciers reflect not
only regional climatic variability, but also
distribution of glacier area with altitude and
the change of mass balance with altitude (the
mass balance gradient). The latter component
tends to increase with increasing humidity,
leading to increased gradients on maritime
compared to continental glaciers.
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Permafrost
Based on a contribution by A. Taylor and J. Brown, International Permafrost Association

Some 25 per cent of the earth's land surface
(Figure 8E) is affected by permafrost, a feature
in particular of circumpolar regions which
must be represented in Global Circulation
Models. As can be judged from other parts of
this Chapter on snow and ice, the impact of
climatic variation and change on circumpolar
regions may be substantial. Large-scale and
regional characteristics of permafrost, such as
its spatial distribution, thickness, and the
depth of the active layer overlying permafrost,
need to be understood both in terms of the
impacts on, and of, climate; shallow layers of
permafrost have a huge store of carbon which
may have impacts on greenhouse gas release.
Regional climate warming would have major
impacts in marginal permafrost areas with
large socio-economic effects, particularly with
regard to civil engineering and its design.
Changes in permafrost are characterized by:
(1) changes in active layer thickness, thaw
settlement, frost heave in supersaturated
material at the permafrost table (time
scale: yearfsD;
(2) disturbances of vertical temperature
profiles within the permafrost, i.e.
between the permafrost table and the
permafrost base (time scale: years to
decades and centuries); and
(3) displacements of the permafrost base
(time scale: decades to centuries or
even millennia).
There will also be interactions between
these changes and other geographic,
hydrological and glaciological processes.
Long-term datasets are needed to help
understanding of the permafrost-climate interactions. Under the auspices of the International
Permafrost Association (IPA) sites have been
identified with measurements extending back
several decades, as have transects across
permafrost transition zones. New opportunities
for data recovery have been found in Antarctica
and Russia. Decadal changes to the thickness of
the active layer overlying permafrost and the
possible accompanying ground subsidence, will
be sensitive indicators of climate change and of
die terrain and vegetation modifications that
may accompany it. A Circumpolar Active Layer
Monitoring Programme (CALM) has also been
developed by the IPA using simple probing on
a standard grid (Nelson, etal., 1995; IPA, 1996).
High altitude permafrost found in mountain tops and in periglacial belts at temperate
latitudes is also a very sensitive indicator of
70

climatic conditions. The area underlain by
permafrost in the Swiss Alps is roughly estimated at about 2 000 km2 or somewhat more
than the total glacierized area (about 1 300
km2). Ice-rich debris or morainic material
exists in areas of relatively dry climatic conditions with elevated glacier equilibrium lines.

Such supersaturated mountain permafrost
creeps, forming large numbers of lava-stream
type rock glaciers (photo). During the past 25
years, attempts have been made to establish
systematic long-term observations (Haeberli, et
al, 1993). Emphasis is on discontinuous
permafrost and the observations are made in a
collaborative effort of VAW/ETH Zurich and
the universities of Bern, Fribourg, Lausanne
and Zurich. Long-term observations include
borehole temperature and deformation
measurements, high-precision photogrammetry
of permafrost creep, thaw settlement and frost
heave on selected rock glaciers, a systematic
inventory of geophysical data, hydrological
and other data (Hoelzle, etal., 1993).
Most important are the two drill sites
Murtèl-Corvatsch and Pontresina-Schafberg
(Yonder Miihll and Holub, 1992). The 60 m
deep borehole on the Murtèl rock glacier was
drilled in 1987. Core analyses and borehole
geophysics showed a 3 m deep active layer,
in which temperatures oscillate between
above and below zero (Figure 8F[a]), beneath
which (Figure 8F[b]) permafrost is extremely
supersaturated and the ice content amounts
to almost 100 per cent down to a depth of 28
m. Between 28 m and 58 m the pores of the
coarse blocks are ice-filled (structured
permafrost). The temperature at 10 m
increased from -2.3°C in 1987 to -1.4°C 1994
but is now cooling again due to thin snow
cover in the winters of 1994/95 and 1995/96
(Figure 8F[c]). At 20.6 m, temperatures are
generally higher than at 10 m; cooling after

Figure 8E
Schematic map of
mountain and owland
permafrost sirr olified from
Gorbunov, 1978.

Oceanic type of
mountain permafrost
Continental type of
mountain permafrost
Individual summits with
permafrost
Southern boundary of
the northen latitudinal
permafrost :one in the
lowlands
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1995 is still evident (Figure 8F[d]). Between
the depths of 52 m and 58m, seasonal
temperature variations around 0°C are
observed in a talik. Total permafrost thickness
is estimated at about 100 m. The two drill
holes at Pontresina-Schafberg reached depths
of 65 m and 37 m and remained within
permafrost; 10 m temperatures in 1994 were
-0.5°C and -1.0°C. and the recent warming
was again evident, showing this to be a
regional phenomenon. The last decade also

reported from these mountain permafrost
sites vary over more than an order of
magnitude (0.005 to 0.13°C per year) and
average a few tenths of a degree C per
decade. The longest and most detailed
records relating to rock glacier flow are
available in the European Alps. They
indicate characteristic climate-induced thaw
settlement at rates of about 0.01 to 0.1 m
per year, with flow velocities remaining
fairly constant or decreasing slowly.

North-eastern slope of Piz
Albana (3
WOma.s.lj,
showing a I km long
rock glacier (perennially
frozen scree rich in ice)
creeping down to 2 300
m a.s.I. in the Valley of
the River Ova da Suvretta
which its front has
crossed. (Photograph by
W. Haeberli, September

1990.}

brought an accelerated thaw settlement on
Gruben rock glacier.
The first systematic overview of longterm monitoring programmes related to
mountain permafrost provides information
from 10 countries, where rock glacier flow
is being monitored and maps/geophysical
soundings exist at selected sites. However,
the most important signal becoming visible
by now is from borehole temperatures and
covers the past few years to decades. With
the exception of the Canadian Rockies,
where the seemingly constant thermal
conditions in perennially frozen ground
sharply contrast with the simultaneous mass
losses of nearby glaciers, the increase of
permafrost temperatures is pronounced
especially in the European Alps (0.9°C
during 1987-94). the Kazakh/Kirghiz Tien
Shan (0.4°C during 1975-93 in Kazakhstan.
0.1°C during 1987-92 in Kirghizstan) and in
Qinghai-Tibet (0.1 to 0.8°C between the
1970s and the 1990s). Warming rates

Figure 8F
Temperature variations in Alpine permafrost from a
borehole on the Muriel rock glacier,
1987-96.
(a} at 0.6 m depth (bj at 3.6 m depth (c) at 9.6
m depth (d) at 20.6 m depth.
(D. Vonder Muhll, VAW-ETH Zurich, Switzerland.)
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Biological Systems
9.1 Introduction
Earlier chapters, especially those on drought.
floods and monsoons, have given some detail
on the impact of climate and its extremes
during the review period on regional
economies, human safety and well-being. In
this chapter, information is collated with
respect to the impacts on global and regional
crop production, on the destruction of forests,
heaths and communities by heat and droughtinduced fires, on the spread of disease and
other factors affecting human health, and (as
an indicator of the incidence and severity of
impacts) on the insurance industry.

9.2 Global crop production
review, 1994-96
Annual world crop production during the
1994-1996 growing seasons continued to
reflect variable weather conditions during
critical phases of crop development. The
timing of weather and climate anomalies as
related to the crop cycle, from planting to
harvesting, is a major factor in regional crop
production variability. The loss of
productivity is often directly attributable to
drought, floods, heatwaves and frosts.
However, weather extremes can also cause
more subtle impacts on the quality of
harvested crops. In the following annual
review, crop production is compared with
that of the previous year.
In 1994, world wheat production
declined by about 5 per cent from the
previous year. Drought during much of the
growing season in Australia led to a 46 per
cent reduction in wheat output. The impact
is described in detail in Section 4.5.1. In
Canada, heat and moisture stress during
reproductive stages of development for
spring wheat contributed to a 15 per cent
decline in national wheat production.
Well-below-normal precipitation was
accompanied by periodic hot weather
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during the summer in the Ukraine and
southern Russia (North Caucasus and lower
Volga Valley), adversely affecting crc p
development. In the Ukraine, precipitation
from June through July was the lowest in at
least the last 45 years, reducing wheat
production by 37 per cent. In Kazakhstan,
beneficial pre-planting rains were followed
by persistent diyness and periodic heat that
began around mid-May and persisted
through June. These unfavourable weather
conditions ultimately lowered spring grain
production by 23 per cent from the previous
year. In Morocco, generous rains in the fall
and winter followed two years of drought,
boosting wheat yields to near-recorc levels.
Further north and east however, a lack of
precipitation in Spain. Algeria and Tunisia
lowered wheat production from the previous
year by 14 per cent. 32 per cent and 64 per
cent, respectively.
More favourable weather during the
1994 summer growing season led to a 9 per
cent increase in world coarse grain
production and an 11 per cent increase in
world oilseed production. Nearly ideal
growing conditions were responsible for
record maize and soya bean crops i i the
United States of America, boosting
production levels to 45 per cent and 31 per
cent, respectively, above those of the
previous flood year. On the other hand, the
summer rainfall deficiency in the Ukraine
reduced coarse grain production by 9 per
cent. Dry, warm weather in Japan led to a
53 per cent increase in rice production over
1993's cool, wet summer. Adequate moisture
and favourable temperatures boosted coarse
grain yields in South Africa, while India's
monsoon rains aided the production of rice
and oil seeds. However, frosts in June and
July 1994, combined with a dry wimer
season, lowered Brazil's coffee production
by 30 per cent.
In 1995, world wheat productio 1
increased slightly (1 per cent) from t le
previous year. An untimely spring freeze
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damaged the winter wheat crop in the United
States of America, with production falling 6
per cent below the previous year. Drought in
Argentina reduced wheat production by about
20 per cent. In the Ukraine and southern
Russia, the mild winter was followed by
diyness in winter grain areas in May. which
expanded westward during the summer. As a
result, total wheat grain production in Russia
fell 22 per cent from the previous year and
was the lowest in the past 30 years. Grain
600 -
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Figure 9. 1 t
World corn production
1980-95. millions of
metric tons. (From
material submitted by
Raymond P. Motha, Joint
Agricultural Weather
Facility, United States
Department of
Agriculture/World
Agricultural Outlook
Board J

production in the Ukraine declined by a
further 5 per cent from the previous year's
drought-reduced crop, while production in
Kazakstan fell by 41 per cent. In Morocco,
the worst drought in more than 30 years
reduced wheat and barley production from
the previous year by 80 and 84 per cent
respectively. Farther north in Spain,
unrelenting drought continued, leading to
severe water shortages and reducing wheat
production to the lowest level in the past 36
years. In other parts of western Europe,
favourable planting moisture in the fall was
followed by a mild winter, benefiting winter
grains. Despite less-than-normal rainfall
during the growing season, soil moisture was
adequate for normal crop development.
Furthermore, dry weather favoured
harvesting, and wheat production in France,
the United Kingdom, and Germany rose
above that of the previous year. Inadequate
summer rains reduced irrigation supplies for
Mexico's wheat with a consequential
reduction in output of 17 per cent. Offsetting
these declines in wheat production was an 82
per cent increase in crop output in Australia
as more favourable weather returned to the
crop areas. Favourable moisture boosted
India's wheat crop (by 5 per cent).

Systems

Record spring rains delayed the 1995
summer planting season in the United States
of America, contributing to 25 per cent and
12 per cent declines, respectively, in coarse
grain and oilseed production. A severe early
freeze damaged immature summer crops in
those areas affected by spring flooding and
subsequent planting delays. Unfavourable
summer weather reduced South Africa's 1995
grain crop by 63 per cent. These declines
were partially offset by favourable weather
for coarse grain and oilseed production in
eastern Europe, South America, and
Australia. World coarse grain and oilseed
production in 1995 declined by 8 per cent
and 3 per cent, respectively.
In 1996, world wheat and coarse grain
production are estimated to have increased
by 8 per cent and 10 per cent respectively.
Unfavourable dryness and erratic winter
temperatures damaged the United States of
America winter wheat crop, but spring
wheat production was the second highest on
record. While wet, cool weather hampered
spring fieldwork in the United States of
America, raising the prospect of production
declines due to a short growth season,
generally favourable growing season weather
and a delay in the onset of the frost session
until late autumn allowed crops to reach
maturity. Consequently, coarse grain and
oilseed production were up 24 per cent and
6 per cent, respectively. Favourable weather
boosted South Africa's corn crop by
117 per cent, India's winter wheat crop by 9
per cent. Australia's wheat crop by 18 per
cent, and the European Union's wheat
and coarse grain crops by 15 per cent
and 17 per cent, respectively. In Spain,
above-normal rainfall during the 1995/96
winter ended a four-year drought, increasing
reservoir levels and providing favourable
moisture for developing winter grains. In
Morocco, winter grain areas experienced
the wettest winter since 1979 and the
second wettest in i6 years, providing
abundant moisture for crop development.
On the other hand, persistent cold weather
during the winter and early spring
throughout eastern Europe and the western
portion of the former Soviet Union
maintained snow cover later than usual and
delayed spring fieldwork. Furthermore,
periods of bitterly cold weather during the
winter in north-eastern Europe occurred
over areas with minimal snow cover
resulting in some damage to winter crops.
The annual world corn production for
the 1980-95 crop years is shown in Figure 9.1.
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Figure 9.2 shows the locations of several
major forest fires and bushfires that occurred
during the review period of December
1993- May 1996.
1. In late 1993, dozens of wildfires, fanned
by strong easterly Santa Ana winds,
charred large tracts of land across south-

Peninsula, under control. Nearl) 350
structures and 30 000 hectares of forest
were destroyed by the fires.
Long-term diyness over 19 weeks in the
winter and spring of 1993/94, followed
by excessive heat in June 1994, resulted
in the rapid spread of wildfires across
parts of the south-western United States
of America.
Hot and diy weather for much c f June
and July 1994 across the Pacific Morth-

ern California. Ironically, ample rains in
1992/93 assisted the growth of lush
grasses, which combined with dead brush
and timber from droughts in the late
1980s to provide fuel for the rapid spread
of fires. The fires destroyed more than
1 000 homes, claimed four lives, injured
hundreds and caused an estimated
US$ 1 000 million of damage.
In Australia, hot, diy and windy weather
in early 1994 engendered the rapid
spread of wildfires, many started by
arsonists, which claimed several lives,
forced thousands from their homes, and
destroyed hundreds of buildings near
Sydney.
Heavy rains across northern China and
Mongolia in May 1994 ended a threemonth dry spell that helped an
international fire fighting effort contain
or extinguish extensive forest fires.
Cool and damp weather in May 1994
helped bring forest fires north of
Anchorage, and on Alaska's Kenai

west of the United States of America and
British Columbia in Canada combined to
create a severe forest fire season. Fires
consumed nearly 10 120 km2 in the
Pacific North-west, 31 per cent more
than the average for the past five years.
Hot weather with temperature
departures as high as 8°C abovj normal
and a nearly complete lack of moisture
from May to July 1994 abetted the rapid
spread of several large wildfires over
eastern Spain. Fires took 21 lives, the
highest total in 10 years, and consumed
more than 1 500 km2 of land.
Record heat and six-week moisture
deficits of 200 mm or more in Poland
preceded the ignition of more than 250
forest fires during the summer of 1994.
In South Africa, bushfires broke out
repeatedly and a massive loss ot livestock was reported in 1994, in addition to
considerable property damage.
Extensive forest fires were reported
from northern Argentina and south-

9.3 Forest fires and
wildfires

Figure 9.2 -^
Location of major forest
fires during December
1993 to May i 996.
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eastern Brazil, especially between
August and October 1994.
In early June 1995, fires raged out of
control in northern Alberta and
Saskatchewan in what officials called
the worst fire in 60 years. Smoke and
flames engulfed the community of Fort
McMurray, closing the main highway
and leaving 35 000 residents isolated for
almost two weeks.
More generally across Canada, the
summer of 1995 saw the second worst
forest fire year in history. A total of
7 819 fires consumed nearly 7.1 million
hectares from Yukon to Quebec. Firefighting costs soared to a quarter of a
billion dollars. Extreme fire conditions
lasted for three months, longer than any
in recent history. Community
evacuations occurred nightly during
June. The total area burned in 1994 and
1995 was the worst for any two-year
period on record.
In July 1995. hot weather and diyness
led to the burning of 6 000 km2 of
forest in Greece.
From May-December 1995, large sections
of southern Brazil, south-eastern
Paraguay, and north-eastern Argentina
received less than 50 per cent of normal
precipitation. Some of the worst forest
fires in living memory broke out before
fire-dousing rains came in late December.
At the beginning of 1996. summer-like
heat and prolonged dryness in the
central and southern plains of the
United States of America, together with
strong winds in April, caused almost
6 000 hectares to be charred near the
nuclear research facility at Los Alamos,
New Mexico, while wildfires in Arizona
and California had burned more than
20 000 hectares by the end of April.

9.4 Insurance losses soar
Weather has always been notoriously variable
on time scales from hours to decades, and
every region of the world experiences its
share of record-breaking events from time to
time. There are, however, indications that
recent weather behaviour, and especially the
frequency and intensity of extreme weather
events, is increasingly unusual. Heavy oneday rainfall events in the United States of
America have increased steadily over this
century. In eastern North America, seven of
the eight most intense storms that developed
in the past 50 years occurred in the most

recent 25 years. Most scientists are cautious in
stating whether changes in weather events
and patterns are due principally to natural
causes or human activity and its influence on
global warming. To major insurance
companies, there is no question that
catastrophic weather-related losses are on the
rise and that climate change is a contributing
factor. At the Second Conference of the
Parties to the UN Framework Convention on
Climate Change held in Geneva, Switzerland
250
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in July 1996, nearly 60 insurance firms issued
a statement saying they believe that manmade climate change will probably cause an
increase in the number and severity of
extreme weather events such as windstorms,
floods and droughts in some areas. They
urged delegates from more than 150
countries to achieve "early, substantial
reductions'' of environmentally damaging
greenhouse gas emissions.
Around the world, insurers have
witnessed over the last 20 years a four-fold
increase in the number of weather catastrophes. More worrisome, costs from natural
disasters have risen 10-fold during the same
period. Before 1987. there was not a single
natural disaster with damages exceeding
US$ 1 000 million anywhere in the world, but
since then there have been at least 18 such
disasters. From 1963 to 1992, the number of
floods causing major damage increased from
two to 24 eveiy five years, and the number
causing at least 100 deaths more than
doubled.
The following list highlights a selection
of significant findings on natural disasters by
the Swiss Reinsurance Company:
•
During 1970-88, insurance payments
were divided equally between natural

t Figure 9.3
Number of natural
disaster events with
insured losses of more
than US$ 100 million,
1970-95 inclusive.
(Provided by Swiss
Reinsurance Company.l
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and man-made disasters. However, since
1989 insurance payments due to natural
events have ranged between 60 per cent
and 85 per cent of the total. Of the 30
most costly and worst catastrophes from
1970-95, 28 were due to natural events,
including 13 from hurricanes, seven from
windstorms, three from earthquakes, two
from flooding and one each from
tornadoes, drought and forest fires. Two
of the top three worst catastrophes, in
terms of fatalities, were from hurricanes.
Thus, of the 30 most expensive
insurance losses since 1970, 21 were
due to storms. Storms are far and away
the most cost-intensive cause of losses
for the insurance industry.
Over the 26-year observation period.
storms cost on average US$ 3 500
million per year, earthquakes accounted
for USS 800 million and floods for US$
500 million. (Editor's note: storm effects
may include some flooding. Flood
damage in recent years has also been
much greater.)

Both losses in excess of US$ 1 000
million and moderate losses of between US$
100 million and USS 1 000 million are on the
increase. Figure 9-3 shows the number of
natural disaster events with insured losses of
more than US$ 100 million from 1970 to
1995 inclusive.
For 1994 and 1995, the natural disasters
shown in the table below were reported as
causing losses of US$ 1 000 million or more
(source: Munich Reinsurance).
Disasters also caused major loss of life:
•
In 1994, losses of more than 2 400 lives
were reported from China (1 400 due to
floods in the south and north-east, and
more than 1 000 when Typhoon Fred hit
Zhejiang);
In Colombia, the combined horror of an
earthquake with torrential rain, mudslides
and floods accounted for 1 050 deaths;
•
In 1995, India reported 1 300 deaths
from the heatwave, flooding, wintertime
avalanches, snow and cold: and
•
More than 1 200 lives were lost in
China, primarily from flooding, and
more than 1 100 in the Philippines from
tropical storm and typhoon damage.

Natural disasters reported by insurers as causing
economic losses of greater than US$ 1 000 million
1994
January/February
Summer
July/September
21-24 August
4-6 November

Region

Cause

Eastern United States
China
Australia
South-eastern China
Northern Italy

Frost
Floods
Drought
Typhoon
Floods

>4.0
>7.8
1.5
1.16+
9.3

Southern United States

Storms, floods, hail,
tornadoes
Floods

1.3
3.5

Storms and hail
Floods
Typhoon plus floods
Hurricane
Hurricane
Hurricane

2.0
6.7
15.0
2.5
1.5
3.0

Loss (*)

1995
3-10 January
19 January—5 February
9-13 March
May-July
24 Juîy-18 August
4-7 September
14-16 September
30 September-5 October

France, Germany. Benelux
countries
Western United States
Southern China
Korean Peninsula
Caribbean
Caribbean
United States, Mexico, Cuba

* USS thousands of millions
+Reported from other sources as $2 000 million.
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Climate and human health
Climatic impacts on human health can be direct or indirect.
Direct impacts include variations in physical comfort,
tension, heat and cold stress, sunburn, sunstroke, skin
cancer, frostbite and (possibly) cataracts. Direct impacts also
include death and injury from floods, storms and other
extremes of weather. Pollution and pollen levels are affected
by climate and have been related to eye diseases, rickets,
asthma and other respiratory problems, and allergies.
Through its influence on biological disease agents, climate
variability has a major indirect impact on disease emergence
and re-emergence: variability affects pathogen maturation
and vector reproduction, and alters host and vector habitats.
A few examples are illustrative of the climatic
influence: a marked resurgence of malaria has occurred
over the last 20 years, with regional warming and
increased rainfall considered the most important cause of
increased breeding of infected mosquitoes and migration
which spreads epidemic outbreaks in non-endemic areas;
the spread of cholera has been partially related to floodborne sewage triggering algal bloom in tropical coastal
areas, the algae which bear the cholera pathogen then
contaminating drinking water; dengue viruses are carried
by mosquitoes, for which higher temperatures not only
increase numbers but also their biting frequency and the
percentage which are infectious.
Climate variability also has a significant impact on
the breeding and spread of disease-carrying rodents and
other animals, and on the spread of poisonous flora and
fauna. Indirect impacts also include changes of nutrition,
demography and migration, all of which can affect health
and the spread of infectious and contagious diseases.
From 1993-95, significant changes in malaria and
dengue distribution were related to climate variability, as
have instances of encephalitis (mosquito and tick-borne),
plague and hantavirus pulmonary syndrome (both rodentborne) and Lyme disease (tick-borne).
In an effort to better understand and present the
potential health risks from accelerating climate change,
an international group of 56 contributors and reviewers
lias undertaken a major scientific assessment of the
effects of climate on human health. ("Climate Change
and Human Health". WHO 1996). A selection of key
health consequences cited by the experts include:
•
Most direct health effects from an altered climate
would be those caused by heatwaves, storms and
floods. These may increase in frequency and
intensity as mean temperatures and precipitation rise.

Current models predict that, by the middle of the
21st century, many major cities around the world
could be experiencing up to several thousand extra
heat-related deaths annually.
Climate change would exacerbate the production of
some types of air pollutants and thus increase the
incidence of associated health effects, such as
cardiovascular and respiratory disorders.
A warmer and wetter climate could result in higher
airborne concentrations of various pollens and
spores, with likely effects on allergic disorders, such
as hay fever and possibly asthma.
Climate change is likely to bring about major
regional shifts in rainfall patterns and. with them.
increased frequency or severity of droughts, floods
and bushfires.
Climate change would tend to alter the geographic
distribution of disease vectors and to affect the
transmission of many vector-borne diseases through
the survival and thriving of air infectious agents
such as bacteria, viruses or parasites in many parts
of the world.
In the next century, climate change is expected to
increase the global incidence of malaria by 50-80
million additional cases each year. Increases in the
incidence of non-vector-borne diseases, such as
cholera, and other food-related and water-related
infections, could also occur, particularly in tropical
and sub-tropical regions.
The predicted rise in sea level would have several
adverse effects, including population displacement,
loss of farmland, salt water intrusion, contamination
of water supplies, changes in the distribution of
vector-borne diseases, and increases in death and
injury due to flooding.
Adverse effects on health would result from the
social-demographic disruptions caused by a rising
sea level, and from those caused by shortages of
fresh water, stresses on agricultural systems and
other resources.
Increased exposure to ultraviolet radiation would
cause an increase in the incidence of skin cancer.
and ocular lesions such as cataracts, and weakening
of the immune system.
Many of the anticipated consequences would be
greatest among the world's poor and disadvantaged
populations.
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Chapter 10

Oceans
10.1 Oceans and climate
The ocean plays an essential role in the
climate system. Because of its large heat
capacity and mass, the ocean responds
slowly to changes in the atmosphere and
slows the entire coupled climate system. The
atmosphere forces the oceanic circulation in
two rather different ways. Firstly, the largescale wind systems drive the circulation of
the great ocean gyres and their associated
boundary currents, of which the Gulf Stream
and Kuroshio are well-known examples. It is
also through changes in the winds and the
associated equatorial currents that the sea
surface temperature in the tropical Pacific is
altered and ENSO events occur. (Changes
during the review period of oceanic
characteristics associated with ENSO are
described in Chapter 2.)

Secondly, the ocean is forced through
the fluxes of heat and freshwater from the
atmosphere at the surface. Some of the water
masses formed by surface cooling and
wintertime deep oceanic convection in polar
regions sink deep into the ocean interior,
sometimes to the bottom. In the North
Atlantic, it is the flow of deep cold water to
the south and its replacement by warmer
surface water from the tropics and subtropics
that results in the ocean carrying about 1
petawatt (lO1^ watts) of heat across mid
latitudes which, for example, causes the
moderation of the climate of western Europe.
This overturning circulation of th t oceans
is usually called the thermohaline circulation. It
has recently been the subject of much research
and interest since it is thought that the decadal
and longer timescale for adjusting the deep
water masses and the thermohaline ci 'dilation

55°W

Figure 10. 1 -»
Oceanic currents and
depth contours I'm metres)
in the Labrador Sea.
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is a major cause of changes of the total climate
system on similar time scales.

Figure 10.2a, b. c
Salinity (parts per
thousand] in a section
[known as AR7WJ of the
Labrador Seo, along the
line shown in Figure
10.1. {Bedford Institute of
Oceanography,
Dartmouth, Nova Scotia,
Canada; courtesy of
J. Lazier and I. Yashayaev.j

10.2 The changing
watermasses of the
Labrador Sea
The circulation of the Labrador Sea was first
described by Smith, et al. (1937). It is
dominated by a slow cyclonic gyre bounded
by three strong currents. To the east over
the continental shelf and slope of southwestern Greenland (Figure 10.1), there is the
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West Greenland Current, which is a
continuation of flow soLith from the Arctic
along the eastern side of Greenland. To the
west is the Labrador Current, which flows
through the Davis Strait and continues along
the continental shelf and slope to the
southern Grand Banks. The Labrador and
West Greenland Currents cany cold lowsalinity water over the continental shelf and
warmer more saline waters over the
continental slope. To the south is the North
Atlantic Current, which originates near the
southern end of the Grand Banks and which
carries warm subtropical water into the
southern Labrador Sea.
During the winter, cold north-westerly
winds from north-eastern Canada blow over
the Labrador Sea cooling the surface waters.
This causes vertical convection to depths of
greater than 2 000 m in severe winters and
the formation of Labrador Sea Water (LSW).
The temperature and salinity of the newly
formed LSW depends on the temperatures
and salinities of all the intermediate waters,
on the quantity of heat lost to the
atmosphere during convection and on the
amount of fresh water received from the
boundaries throughout the year. The salinity
and temperature of newly formed LSW show
marked differences compared with other
regions of the deep oceans.
Because of the LSWs large impact on
the overall ventilation of the North Atlantic
and the thermohaline circulation,
hydrographie sections (denoted by Y in
Figure 10.2) across the Labrador Sea have
been occupied each spring since 1990 by
scientists from the Bedford Institute of
Oceanography, as part of the World Ocean
Circulation Experiment.
The salinity in a section (shown by the
line in Figure 10.1) from south-western
Greenland to Labrador is shown in Figures
10.2 a, b, c for the years 1990, 1993 and
1996, respectively. In these figures, the LSW
occupies most of the interior of the Labrador
Sea below the near-surface fresh waters and
above the more saline North-east Atlantic
Deep Witer (NEADW) at between 2 200 and
3 200 m. The NEADW has a salinity
maximum between 2 500 and 3 000 m.
Except for the surface waters, LSW has the
lowest salinity and shows only small changes.
At depths of about 300-800 m, tongues of
more saline water are seen to intrude into the
interior from both ends of the sections. The
zone between the tongues is the region of
deep convection which homogenizes the
water column to the base of the LSW; this is
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Figure 10.3->
Vertical salinity profiles
taken in the central
Labrador Sea in 1966
and 1994. (Bedford
Institute of
Oceanography,
Dartmouth, Nova Scotia,
Canada.)
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The variability in all the watermasses
described is characteristic of the inteiannual
variability seen over the period 1990-1996.
Decadal variability in the climate system is
likely also to be related to longer-term
changes in the volume and characteristics of
the LSW. Although data from earlier periods
are sparse, a comparison can be mace with
some measurements made in the Labrador
Sea in 1966. Figure 10.3 shows the vertical
salinity profiles in the central Labrador Sea in
1966 and 1994 (Lazier, 1995). At 1 50:) m in
the core of the LSW, the salinity was 34.90 in
1966 and 34.835 in 1994; this freshening of
the LSW over that period is much greater
than the interannual changes. It is believed
to have begun in the late 1960s, when a
large volume of fresh water, the Great
Salinity Anomaly (Dickson, et al., 1988), was
exported out of the Arctic through Fiam
Strait and eventually into the Labrador Sea
and around the subpolar gyre (see section
10.3). The systematic observation of the kind
of variability shown here is a challerge to
the global observing systems now being
designed and implemented.
Some cryospheric changes in the polar
seas are described in Chapter 8.

10.3 Temperature and
salinity changes in the
Norwegian Sea

figure I 0 . 4 t
Ocean currents in the
Nordic Seas, also
showing location of
Ocean Weather Ship
(OWS1 Mike. Red and
blue areas indicate
surface currents, and
black arrows the
deep/bottom current.
Bottom contour depths
are in metres. (Nordic
WOCE Project Office,
sn, Norway.)
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most clearly seen in figure 10.2b but it is not
clear how the nature of the zone, during the
measurement period of May or June, is
related to the size of the region of wintertime
deep convection. The deepest and densest
watermass of the sections is the Denmark
Strait Overflow Water, which enters the
Labrador Sea as a bottom boundary current at
the base of the continental slope south of
Cape Farewell. Greenland. The boundary
current is most clearly seen in Figure 10.2b.

The longest existing time series of
homogeneous oceanic temperature and
salinity measurements have been made by
an Ocean Weather Ship, Mike, operated by
the Norwegian Meteorological Institute,
stationed in the Norwegian Sea (Fig .ire 10.4)
The routine programme, which
originated in 1948, includes weekly
measurements of temperature and salinity at
standard depths to 2 000 m. and more
frequent measurements to 1 000 m with little
change in sampling techniques during the
whole period to date. Figures 10.5a and b
and 10.6 show respectively the temperature
measurements at depths of 50 to 80( m up to
1995, temperatures at depths of 1 200. 1 500
and 2 000 m, and salinity down to 800 m
(Osterhus, et al, 1996). A marked reduction
can be seen in the temperature of the upper
layers together with an increase in freshness
of Atlantic water since 1990, to values typical
of the Great Salinity Anomaly (Dicks >n, et al,
1988) of 20 years ago. In contrast, the deep
water temperatures (Figure 10.5b) are rising,
the increases penetrating upwards from
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2 000 m after 1985. Comparisons not shown
of temperatures of Norwegian and Greenland
Sea Deep Waters indicate major changes in
low level flow across a channel in the Mohn
Ridge (Figure 10.4). which separates the
basins of these two seas.

* • Figure 10.5
Time series of
temperature at various
depths from OWS Mike
in the Norwegian
Atlantic Water: jaj near
surface to 800 m;
lb) between 1 200 and
2 000 m. (Nordic
WOCE Project Office,
Bergen, Norway.)

10.4 Altimetry, an
increasingly important
source of ocean
observations
Numerous scientific papers are appearing in
the literature which illustrate the importance
of space-borne altimeter measurements of
sea-surface elevation in large-scale ocean
research and monitoring. A recent set of
papers (Journal of Geophysical Research,
1995) illustrates this point. It includes works
on altimeter-derived global frequency-wave
number spectra for oceanic variability
(Wunsch and Stammer. 1995), interannual
changes in upper ocean heat storage (White
and Tai, 1995), comparisons with global
circulation models (Chao and Fu, 1995),
input (with in situ data) to ocean basin
models (Fukumori, 1995), and measurement
of long-term global sea level change
(Nerem, 1995; Minster, el at., 1995).
The potential value of space-borne
altimeter observations of sea surface
elevation has been clear to oceanographers
since the launch of the first modern altimeter
on the short-lived Seasat mission in 1978.
Seasat was followed by Geosat (1985-89)
and ERS-1 (1991-96). However, it was the
launch of the highly successful precision
altimeter system, TOPEX/POSFIDON, in 1992
that has shown the real power of altimetry as
an océanographie observing system.
Designed to meet an error budget of 14 cm
(including orbit error). TOPEX/POSEIDON
achieved 5 cm accuracy in its first year of
operation, allowing observation of much of
the oceans' variability across a wide range of
space and time scales.
Although altimetry yields only a surface
expression of ocean variability, for
oceanographers it provides a reference level,
the equivalent of the meteorologist's surface
pressure map, that allows the large-scale
vertical current fields to be calculated using
geostrophy. Determination of the absolute
velocity using this method requires
knowledge of the geoid that is presently
limited. However, large-scale variability is
well resolved. The elevation of the sea
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Time series of salinity at
depths to 800 m in
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surface by ocean tides must be removed
from altimeter records if oceanic variability is
to be observed at other space and time
scales. This has been achieved for
TOPEX/POSEIDON through the use of the
altimeter records themselves, combined with
tidal models and in situ observations of the
tides. The result is a substantially improved
description of the global tides themselves.
Some of the large-scale interannual
variability defined by altimetry can be seen
in Figures 10.7a, b, c, which show the global
TOPEX/POSEIDON sea level anomaly
relative to the three-year mean for the years
1993, 1994 and 1995, respectively. The
analysis has effectively removed the relatively
large seasonal sea level signal which arises
from the heating and cooling of the upper
ocean and the associated expansion/
contraction of the water column. Figure 10.7a
shows the sea level elevation in the eastern
tropical Pacific towards the end of the last
warm episode ENSO event as a result of the
depth of warm water in the region. By 1995,
the warm water pool is again in the western
tropical Pacific as is typical of cold episode
ENSO years. Sea level data from
TOPEX/POSEIDEN are now available within
two days of acquisition (Cheney, et al, 1996)
and are being assimilated in the NOAA
operational ocean model used for ENSO
prediction (Ji, et ai, 1996).
The figures also show changes during
the three-year period in the large-scale
circulation in the North Pacific and North
Atlantic, in the Argentinian Basin off
southern South America, the Leeuwin
Current system off north-western Australia,
and the Antarctic Circumpolar Current
circling the Southern Oceans. Indeed, the
TOPEX/POSEIDON data clearly show that
measurable interannual variability exists
almost everywhere in the global oceans.
Longer records and more sophisticated
analyses of precision altimeter data are sure
to provide better understanding of oceanic
variability and its role in the coupled
ocean/atmosphere climate system.
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The WCRP CLIVAR Programme
Studying ocean-atmosphere interactions
The Climate Variability and Predictability programme
(CLIVAR) was established to focus on the variability of
the "slow'' climate system and is the primary World
Climate Research Programme (WCRP) activity for the
study of the role of the ocean in the coupled climate
system. It can be regarded as a programme that builds on
the successes of TOGA (Tropical Oceans — Global
Atmosphere) on interannual time scales, WOCE (World
Ocean Circulation Experiment) on longer time scales, and
also on the heritage of the Intergovernmental Panel on
Climate Change 1995 scientific assessment for the study
of Anthropogenic Climate Change (ACC). A CLIVAR
project office has been established in Hamburg, Germany.
The CLIVAR scientific objectives are:
To understand and describe the physical processes
responsible for climate variability and predictability
on seasonal, interannual, decadal and centennial
time-scales, through the collection and analysis of
observations and the development and application
of models of the coupled climate system, in
cooperation with other relevant climate-research and
observing programmes;
•
To extend the record of climate variability over the
time-scales of interest through the assembly of
quality-controlled paleoclimatic and instrumental
data sets;
•
To extend the range and accuracy of seasonal to
interannual climate prediction through the
development of global coupled predictive models;
and
To understand and predict the response of the
climate system to increases of radiatively active
gases and aerosols and to compare these predictions
to the observed climate record in order to detect the
anthropogenic modification of the natural climate
signal.
The CLIVAR programme is initially organized into
three component programmes:
•
CLIVAR-GOALS: a study of seasonal-to-interannual
climate variability and predictability of the
Global Ocean-Atmosphere-Land System
(GOALS):
•
CLIVAR-DecCen: a study of decadal-to-centennial
climate variability and predictability; and
•
CLIVAR-ACC: a study of the climate response to
human-induced changes in radiatively active gases
and aerosols.

The oceanic inputs to the first two components are
of paramount importance and are described below:
•
CLIVAR GOALS will extend our understanding,
analytical, modelling and prediction capabilities of
natural climate variability on seasonal to interannual
time scales. Because GOALS has an emphasis on
prediction, it takes an interest in any slow
components of the climate system that give it a
memory. The approach will be to: (i) sustain and
build on the accomplishments of TOGA, especially
the TOGA observing system and demonstrated
predictability of ENSO; (ii) extend to other parts of
the tropics, especially including those affected by
the monsoon systems; (iii) extend to higher latitudes
and capitalize on linkages from lower latitudes; and
(iv) include intrinsic low frequency components
from high latitudes such as extratropical SST, soil
moisture, sea ice. snow cover along with forcings
and feedbacks, oceanic water mass formation, the
hydrological cycle and sea-air coupling.
•
CLIVAR-DecCen will focus on understanding the
physics of decadal and longer variability of the
coupled climate system. Because ocean processes
are very important on these timescales, and because
so little is known about their role. DecCen will
initially make a special effort to explore the role of
the ocean in determining climate variability on the
timescales of interest. DecCen will undertake data
archaeology and paleoclimatic activities to extend
the climate record to the past; support and extend
climate data collection programmes to continue the
records into the future; and analyze data and study
models to describe, simulate and predict climate
variability on decadal to century time scales.
•
The principal task of CLIVAR for the immediate
future is the production of a comprehensive initial
CLIVAR implementation plan. Climate scientists in all
nations are invited to join in this challenge. To learn
more about CLIVAR, check out the CLIVAR home
page on the World Wide Web at the URL:
http://www.dkrz.de/clivar/hp.html.
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Chapter 11

Trace Gases and Ozone
11.1 Introduction
Atmospheric gaseous components other than
nitrogen, oxygen, argon, and water vapour
are called trace gases. Modern technology can
detect trace gas concentrations down to one
part per trillion (one part in 10 12 ) and literally
hundreds of species have been detected in
the atmosphere. Most of these have been
affected to some degree by human activities.
With regard to climate, some trace gases
are important through their role as infrared
radiative absorbers (greenhouse gases).
Others can")- chlorine and bromine to the
upper atmosphere which, through a series of
photochemically-driven reactions, lead to the
destruction of stratospheric ozone.
The last Global Climate System Review
(1995) reported that, during the early years
of the 1990s, the growth rates of several
important trace gases, including carbon
dioxide, had slowed. During the period
December 1993-May 1996, the growth rate
of carbon dioxide accelerated while that of
many of the precursors for stratosphericozone depletion further declined.
Over the last decade. WMO has
organized and supported about 10 scientific
assessments of global ozone depletion and
climate change (e.g. WMO. 1995; IPCC, 1995:
IPCC. 1996). These have been authored by
the world's leading experts in the
atmospheric sciences and are expected to be
standard works of reference for decisions
regarding protection of the stratospheric
ozone layer and human influence on climate.
Readers who desire detailed information on
trace gas trends and their climate impacts
should consult these assessments.

11.2 Carbon dioxide
Carbon dioxide is the most important of the
greenhouse gases associated with global
warming. Monitoring programmes,
coordinated by WMO. are designed to
document lone-term changes in the
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background atmosphere of the planet. One
of the longest records, extending from the
late 1950s at Mauna Loa Observatory, Hawaii,
is shown in Figure 11.1. The observatory,
located at 3 400 metres elevation on the flank
of Mauna Loa Volcano, gives a reliable
indication of the large spatial scale, long-term
carbon dioxide record.
The 1995 global annual mean carbon
dioxide concentration was about 36l ppm,
which represents a nearly two ppm per year
growth during 1994 and 1995 (Figure 11.2).
The swings in growth rate from the low
values of 1992 and 1993 to the significantly
higher recent numbers are not unusual, and
are probably due to changes in the natural
uptake of carbon dioxide by the oceans
and/or terrestrial biosphere.
The tropical and mid-latitudes of the
Pacific Ocean show large changes in air-sea
exchange of carbon dioxide from season to
season and from year to year, especially in
association with El Nino. Since 1989, the
Japan Meteorological Agency has been
making ship-based measurements of

<• Figure 1 1.2
The growth ras ol
carbon dioxia^ in the
atmosphere (pjrrs per
million per year), 198 1
to 1995. The results are
derived from analyses of
air flask samp es
collected wee iy at the
NOAA global y
dispersed, cooperative
network of aboit 40 sites
as reported b) Conway
etal (1994). '
INOAA/CMLl,
Boulder,
Colorado, Un >ed States
of America.)
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Globally-averaged methane
concentrations are illustrated in Figure 11.4.
The data are derived from about tO air
sampling sites ranging from the South Pole
to Alert. Canada (Dlugokencky, et al., 1994).
The globally averaged value for 1995 was
about 1 72(S parts per billion (ppb), up
about 7 p p b from the previous year. It is
evident from Figure 11.1 that, for this
period of record, the rate of methane
increase has been slowing. The causes of
these changes are still speculative and await
a better understanding and quantification of
the global sources and sinks of methane,
both natural and anthropogenic.

Figure I 1.3 -*
Difference of the carbon
dioxide partial pressure
(in micro-atmospheres)
between the ocean and
atmosphere for
September I995 (lower
panel) and January to
March, 1996 (upper
panel). Red columns
indicate that the CO2
partial pressure is greater
in sea water than the
atmosphere whereas blue
columns indicate the
reverse. (Measurements
were obtained by the
japan Meteorological
Agency.)

Figure I 1.4-*
Biweekly mean, globallyaveraged methane
concentrations in parts
per billion (ppb),
1983-1995 (circles).
Solid line shows the longterm growth with the
seasonal cycle removed.
The results are derived
from analyses of air flask
samples collected weekly
at the NOAA globallydispersed, cooperative
network as reported by
Dlugokencky et al.
(1994).
(NOAA/CMDL,
Boulder, Colorado,
United States of
America.)

Ozone

11.4 Other trace gases
important for climate
and stratospheric
ozone depletion

Year

concentrations of oceanic and atmospheric
carbon dioxide in traverses of the western
North Pacific Ocean. Figure 11.3 is
illustrative of the large seasonal difference
of carbon dioxide exchange with the partial
carbon dioxide pressure greater in the sea
water than in the air along 137°E in
September 1995 and less than in the air the
following winter along 137°E. The ocean
acts as a sink for carbon dioxide in winter
and a source in summer.

11.3 Methane
Following carbon dioxide, methane is the
next most important gas, accounting for
about 15 per cent of the trace gas radiative
forcing. Its concentration is affected by
agricultural practices, waste disposal, and
fossil fuel use, and has more than doubled
since pre-industrial times, as shown from
precise analyses of ancient air trapped in
Greenland and Antarctic glaciers. Increasing
concentrations of methane in the Earth's
atmosphere affect both the planetary
radiative energy budget and chemical
equilibrium.

Measurements of changes in concentration
of many trace gases in the atmosphere are
important for understanding the global
radiative energy budget and stratospheric
ozone depletion. Some species, like many of
the halocarbons and nitrous oxide, play a
role in both of these processes.
Two of the major scientific findings
from the most recent assessment of ozone
depletion (WMO. 1994) are:
0
The atmospheric growth rates of several
major ozone-depleting substances have
slowed, demonstrating the expected
impact of the Montreal Protocol and its
amendments and adjustments; and
•
The atmospheric abundances of several
of the CFC substitutes are increasing, as
anticipated.
These findings are illustrated in Figure
11.5 (Montzka, et ai. 1996). Species shown
in Panels b through h are currently
prohibited from consumption by provisions
of the Montreal Protocol.
Concentrations of two of the shorterlived species, methyl chloroform and carbon
tetrachloride, are now clearly decreasing
while those for the two most abundant
species, CFC-11 and CFC-12, are leveling off.
Concentrations are increasing significantly
for some species (e.g.. HFC-134a and HCFC141b) that are now finding increased use as
replacements for those very long lived
halocarbons. Their atmospheric abundances
are. however, still relatively small.
The analyses by Montzka, el al. (1996)
showed that the total amount of chlorine in
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the troposphere attributable to anthropogenic
halocarbons, as obtained by summing the
contribution from all species such as those in
Figure 11.5, peaked during 1994. Considering
that bromine from halons is still increasing
and allowing some time for mixing and
transport to the stratosphere, they estimate
that the total reactive chlorine and bromine
in the stratosphere will peak during the next
couple of years and then begin to decline.

11.5 Surface (tropospheric)
ozone
Surface ozone (i.e., ozone near the earth's
surface) and ozone in the troposphere, while
only about 10 per cent of that in the total
column, play a significant role as a
greenhouse gas. This is because moleculefor-molecule, ozone in the troposphere
(where the pressure is greater) is a far more
effective infrared radiative absorber.
There is evidence that surface ozone has
increased during this century over industrial
Europe and North America and Japan. While
increases were less between the mid 1980s
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and early 1990s, more substantial increases
have occured in recent years. Some of the
greatest changes have been measured over
central Europe, where locations such as
Arosa, Switzerland, have seen a doubling of
surface ozone concentrations (Figure 11.6).
Several datasets were summarized by
Staehelin, et al. (1994). Interested readers are
referred to a special issue of the Journal of
Atmospheric Environment (Lefohn, 1994)
which was devoted to a thorough discussion
of measurements and trends in surface ozone
over the globe.

11.6 Total and stratospheric
ozone
Global ozone concentration levels observed
during 1994-96 were lower than in any
previous three-year period, indicating some
acceleration in the decline which started in
the 1970s. The average global amount is
presently 6 to 7 per cent less than it was in
the 1950s and 1960s. Decreases have been
strongest over the polar regions but also
very significant at middle latitudes in both
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Figure I I.7 -*
Total column ozone
fmilliatmosphere
centimètres) average
over the Antarctic
(60°S-90°Sj region, for
the pre-ozone hole era,
during 1979-85, and
lor 1994, 1995 and
1996, covering the
May-December period
(Source: A. Neundorffer,
NESDIS, NOAA.j

Figure I 1.8 ->
Duration and areal
extent of total column
ozone values of less than
200-220
m.atm.cm.,
over the Antarctic, for
each year
1992-96.
(Source: A. Neundorffer,
NESDIS. NOAA.j
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80
Duration (days)

100

Figure I 1.9 -»
Mean ozone depletion
in the Northern
Hemisphere, averaged
over February-March of
1992-97, shown as a
percentage of the
1979-84 two-month
average. (Source:
Bojkov, eta!,
1997.)

hemispheres, while little or no downward
trend has been observed in the tropical belt
(20°N-20°S); thus, it is estimated that, at mid
and high latitudes, the ozone deficiency is
about twice as much as the global average.
The ozone layer over the Antarctic
during the austral springs of 1994-96
underwent massive destruction, especially
during the second half of September and
through October. Figure 11.7 shows the
average value of total column ozone
measured by the Tiros Operational Vertical
Sounder (TOVS) over the entire southern
polar area (60°-90°S) in the pre-ozone hole
years (Bojkov 1986), during the first seven
years of its detection (1979-85) and in
1994, 1995 and 1996. The main ozone

Ozone

decline has taken place during September
to December, and reductions during the last
three years have reached 30-35 per cent of
the 1979-85 values over the whole region.
During the period from mid-September to
the end of October, balloon soundings from
Marambio, Neumayer and Showa indicated
nearly complete annihilation of the ozone
between 14 and 20 km altitude.
The estimated area covered by ozone
total column values of less than 200-220
m.atm.cm, and its duration during the past
five Antarctic springs are shown in Figure
11.8. An area greater than 10 million km 2
(about the size of Europe) has persisted for
more than 75 days in 1995 and 85 days in
1996, making these the longest-lasting
ozone hole events. Up to the mid-1980s,
such an ozone-deficient area persisted for
less than 30 clays. During the five Antarctic
springs ending with that in 1996, the extent
of the area covered by ozone total column
values of less than 200-220 m.atm.cm has
exceeded 20 million km 2 for between one
and five weeks. These areas correspond to
that of the polar stratospheric vortex, where
temperatures have usually been below
-78°C, facilitating the generation of polar
stratospheric clouds and photochemical
ozone-destructive reactions.
Ozone depletion related to
halogenated c o m p o u n d s coupled with
chemical reactions on the surface of polar
stratospheric clouds has been detected not
only in the Antarctic but also in the Arctic
winter and spring. During January-March
in 1994-1996, losses of u p to 30 per cent
lasting over a few weeks, were observed in
Siberia, Greenland and northern Europe
and, to a lesser extent, over North America;
the regions of major loss coincided with
the location of the core of the polar
stratospheric vortex. The mean ozone
depletion for the February to March period
over 1992-97, relative to the period
average for 1979-84 is shown in
Figure 11.9 (Bojkov, et ai, 1997).
In the northern hemisphere middle and
polar latitudes, during most of the year, the
average ozone amount is now some 7-10 per
cent below the 1957-79 average. This
corresponds to the ozone level decline
expected due to human-made CFCs and
halons. Direct in-situ measurements of radical
species in the lower stratosphere coupled
with model calculations have re-confirmed
that the middle and high latitude ozone
losses are largely due to anthropogenic
chlorine and bromine compounds.

87

References and Bibliography
Ji. M.. A. I.ITTMAA. and J. DERBER. 1995: An ocean

HIGHLIGHTS A N D CHRONOLOGY

GLOBAL CIRCULATION/OCEAN

Al si KALIAN Hi REAl OF METEOROLOGY, 1 9 9 3 t o

INTERACTION

1996: Climate Monitoring Bulletin, Australia.
National Climate Centre-. Melbourne (Monthly
issue).
AUSTRALIAN HI REAU OI METEOROLOGY, 1993 to

1996: Significant Weather Summaries. Bureau
of Meteorology. Melbourne (Monthly issue).
CAC 1993 to 1996: Climate Diagnostics Bulletin.
NOAA/NWS/NMC, Washington. DC (Monthly
issue).
CAC 1993 to 1996: Weekly Climate Bulletin.
NOAA/NWS/NMC. Washington, DC.
CORNFORD, S.G.. 1996: Hitman and economic
impacts of weather events in 1995- WMO
Bulletin 45(4): 347-363.
Hi ROPEAN CLIMATE SUPPORT NETWORK, 1995:

Annual

Bulletin on the Climate in WMO Region VI—
Europe and Middle Bast — 1994.
ECSN/WMO/DWD, 43pp.
Et ROPEAN CLIMATE SUPPORT NETWORK, 1996:

Annual

Bulletin on the Climate in WMO Region VI—
Europe and Middle Bast — 1995.
ECSN/WMO/DWD, 42pp.
HALPERT, M.S.. G.D.BELL. V.E. KOI SKY and

CF. ROPELEWSKI (Editors). 1994: Fifth annual
climate assessment 1993. NOAA/NWS/
NMC/CAC, Washington. DC, 11 lpp.
Li: COMTE, D., 1995: Highlights Around the World.
Weatherwise, 48(1): 20-22.
LE COMTE, D., 1996: Highlights Around the World.
Weatherwise, 49(1): 29-32.
LIMBERT, D.W.S.. 1995: Human and economic
consequences of weather events during 1994.
WMO Bulletin. 4-K-i): 364-375.
NATIONAL INSTITUTE OP WATER AND ATMOSPHERIC

RESEARCH INC.. 1992 to 1993: South Pacific
Climate Monitor. (Monthly issue. Reid Basher.
editor).
NATIONAL INSTITUT Or WATER AND ATMOSPHERIC

RESEARCH LTD., 1994 to 1996: Significant
weather events (Monthly issue). NIWAR.
Wellington, New Zealand.
WMO. 1994: WMO statement on the status of the
global climate in 1993. WMO-No. 809. 20pp.
WMO. 1995: The Global Climate System in 1994.
WMO Bulletin. 44(3): 250-253WMO. 1995: WMO statement on the status of the
global climate in 1994. WMO-No. 826. 20pp.
WMO. 1996: The Global Climate System in 1995.
WMO Bulletin. 45(3): 256-259.
WMO. 1996: WMO statement on the status of the
global climate in 1995. WMO-No.838. 12pp.
WMO and UNEP. IPCC 1995: Observed climate
variability and change. In Chapter 3 of Climate
Change 1995. The Science of Climate Change.
Cambridge University Press, pp 5~2.
WMO and UNEP. 1993 to 1996: Climate System
Monitoring (CSM) Monthly Bulletin. World
Climate Data and Monitoring Programme
(monthly issue).

88

ALLAN, R.J. and M.R. HAYLOCK, 1993: Circulation
features associated with the winter rainfall
decrease in southwestern Australia. Journal of
Climate. 6(7): 1356-1367.
BAKNSTON. A.G. and R.E. LIVEZEY, 1987:

Classification, seasonality and feisisteuce oflowfrequency atmospheric circulation patterns.
Monthly Weather Review. 115: 1083-1126.
BELL, G.D. and M.S. HALPERT, 1995: Atlas of intraseasonal and interannual variability. 19S6-1993NOAA Atlas No. 12. Climate Analysis Center,
NOAA/NWS/NMC. Washington DC
Ci 11 \IIIIK. R.I.. D.H. BROMWICII and M.L.VAN WOEFT,

1996: Interannual variations in Antarctic precipitation related to EXSO. Journal of Geophysical
Research. 101 (DID. 19109-19118.
DINES, P.. 1968: Moualliche unci Jdhrliche
Breiteukreismiltel des luftdrucks attfder
Nordhalbkugel fur die Jahre 1899 bis. 1967:
Berichte des Deutschen Wetterdienstes, Nr. 109.
DUGAN, S.S.. and S.B. KAKADE. 1995: Short term
climatic fluctuations in the North Atlantic
Oscillation and frequency of cyclonic
disturbances over the North Indian ocean and
northwest Pacific. Advances in Atmospheric
Science. 12(3): 371-376.
EMMRICH, P., 1991: 92 Jahre nordhemisphdrischer
Zoiialiudex. Meteorologische Rundschau. 43:
161-169.
GRI ZA, G.V. and L.V. KOROVMNA. 1991: Climatic
monitoring of blocking processes of the middle
of westerlies in northern hemisphere.
Meteorology and Hydrology. 8: 111".
GRI /A. G.V. and LA'. OROVHNA, 1991: A seasonal
feature of Space distribution of blocking indices
in northern hemisphere. Meteorology and
Hydrology, 3: 108-110.
HALPERT, M.S.. G.D. BELL. V.E. KOUSKY and CF.

ROPELEWSKI, 1996: Climate Assessment for 1995.
Bulletin of the American Meteorological
Society. 77 (5): S1-S44.
HALPERT. M.S. and CF. ROPELEWSKI, 1992: Surface

temperature patterns associated with the Southern
Oscillation. Journal of Climate. 5(6): 577-593HARRISON, M.S.J.. 1984: A generalized classification
of South African rain-bearing synoptic systems.
Journal of Climatology, 4(5): 547-560.
HENDERSON. K.G. and P.J. ROBINSON, 1994:

Relationships between the Pacific/North
American téléconnexion patterns and precipitation events in the southeastern USA. International Journal of Climatology. 14(3): 307-324.
I In 1. I l.W. 1969: A synoptic study of a large-scale
meridional trough in the Tasman Sea-New
Zealand area. New Zealand Journal of Science.
12: 576-593.
HURRELL, J.W., 1995: Influence of variations in
extratropical wintertime téléconnexions on
northern hemisphere temperature. Geophysical
Research Letters. 23(6): 665-66H.

analysis system for seasonal to interannual
climate studies. Monthly Weather Review.
123(2): 460-481.
KonovkiNA. L.V.. 1989: Syuoplic-c/imaloloi icalcharacteristics of the blocking processes in the < ttmosphere.
Reviews All I nion Scientific Research nstitute ol
Hydrometeorological Information — V orld Data
Centre. Obninsk. Russia. 52 pp.
LHGHTON, R.M.. 1993: Monthly anticyctonicity and
cyclonicity in the southern hemisphere: 15 rear
( 1973-1'987) averages. Technical Re pent 67,
Bureau of Meteorology, Melbourne.
LHGHTON, ELM., 1994: Monthly anttcyclonicity and
cyclonicity in the southern hemisphere: averages
forJanuary. April. July and October. International Journal of Climatology, 14(1): S3-46.
1.1. V. and J. ZHANG, 1995: Thermal téléconnexion
of the Pacific North American patte 11 in
atmosphere and anomalous effects of sea
surface temperature. WMO Programme on
Weather Prediction Research PWPR report
series 6. WMO/TD 652: 83-88.
MULLEN, A.H.. 1995: On the linearity a id stability
of southern oscillation— climate relationships
for New Zealand. International Journal of
Climatology. 15(12): 1365-1386.
Niciioi.i.s. N. and A. KARIKO. 1993: Eos Australian
rainfall events: Interannual variations, trends
and relationships with the Southern Oscillation.
Journal of Climate. 6(6): 1141-1152.
NoiiRA, P. and J. SHUKLA, 1996: Variations of sea
surface temperature, windstress and rainfall
over the tropical Atlantic and Soutl America.
Journal of Climate. 9(10): 2464-2479.
PLAI r, G. and R. VAUTARD, 1995: Spells of low

frequency oscillations and weather regimes in
the Northern Hemisphere. Journal of
Atmospheric Sciences. 51(2): 210-235.
RASMUSSON, P.M. and T.H. CARPENTER. 1982:

I dilations in tropical sea surface h mperalure
and surface wind fields associated rib the
Southern Oscillation/El Nino. Monthly Weather
Review, I I I : 517-528.
REYNOLDS, R.W. a n d T M SMITH. 1994: Improved global
sea surface temperature analyses using optimum
interpolation. Journal of Climate. 7(61: 929-96-1.
REYNOLDS. R.W. and T.M. SMITH. 1995: / high resolution global sea surface temperature climatology.
Journal of Climate. 8(6): pp 1571-1583.
ROGERS. J.C.. 1984: The association between the
North Atlantic Oscillation and the Southern
Oscillation in the northern hemisphere. Monthly
Weather Review. 112: 1999-2015.
ROGERS, J.C. and H.VAN LOON. 1979:

Tbeseesawin

winter températures between Greenl ind and
northern Europe. Part II: Some oceanic and
atmospheric effects in middle and hi j,h latitudes.
Monthly Weather Review. 107: 509-= 19.
ROPELEWSKI, CF. and M.S. HALPERT, I9M6 North

American precipitation and temperature
patterns associated with the El Nii'u 'Southern
Oscillation IENSO). Monthly Weather Review,
111: 2352-2362.

References and Bibliography

ROPELEWSH, C.F. and M.S. HALI'KKL. 198": Global
and regional scale precipitation patterns
associated with the El Nino/Southern Oscillation.
Monthly Weather Review, 115: 1606-1626.
ROEEI.EWSKI. CF. and M.N. HALPERT, 1989: Percipita-

lioii patterns associated with the high index
phase of the Southern Oscillation. Journal of
Climate. H2Y. 265-284.
SHABBAR, A. and M. KHANDEKAR, 1996: the impact of
El Nino-Southern Oscillation on the temperature
field over Canada. Atmosphere-Ocean, 3 1(2):
401-416.
SHI.N. and Q. /.in . 1993: Studies on the northern
early summer teleconnection patterns, their
interannual variations and relation to
drought/flood in China. Beijing. Advances in
Atmospheric Sciences. 10(2): 155-168.
SHIUNG PENG and LA. MYSAK, 1993: A

teleconnection study of interannual sea surface
temperature fluctuations in the northern North
Atlantic and precipitation and runoff over
Western Siberia. Journal of Climate, 6(5): 876885.
SMITH, I.. 1994: Indian Ocean sea-surface
temperature patterns and Australian winter
rainfall. Internationa] Journal of Climatology.
14(3): 287-306.
TlBALDI, S., E. Tosi. A. NAVAKRA and !.. Pi in LEI. 1994:
Northern and southern hemisphere seasonal
variability of blocking frequency and predictability. Monthly Weather Review, 122(9): 1971-2003.
TING, M. and M.P. HOERUNG, 1996: Northern

Hemisphere teleconnection patterns during
extreme phases of the zonal mean circulation.
Journal of Climate. 9(10): 261 1-263.3.
VAN LOON. H. andJ.C. ROGERS, 1978: The seesaw in
winter temperatures between Greenland and
northern Europe (Part 1: General description).
Monthly Weather Review. 106: 296-310.
VINCENT, D., 1994: ne South Pacific Convergence
Zone (SPCZj: A review. Monthly Weather Review,
22(9): 1949-1970.
WALKER, G.T.. 1924: Correlations in seasonal
variations of weather. IX. Memoirs of the Royal
Meteorological Society. 24: 275-3.32.
WALKER, G.T. and E.W. Buss. 1932: World Weather.
V. Memoirs of the Royal Meteorological Society,
4: 53-84.
WAII.M 1. J.M. and D.S. GLT/.LER. 1981: Teleconnec-

tions in the 500 nib geopolential height field
during the northern hemisphere winter. Monthly
Weather Review, 109: 784-812.
WAYLEN, P.R.. M.E. QUESADA and C.N. CAVœDES, 1994:

TIK> effects of El Nino/Southern Oscillation on
Precipitation in San Jose. Costa Rica. International
Journal of Climatology. 1-1(5): 559-568.
WRIGHT, W.J.. 1993: Tropical-extratropical
cloudbands and Australian rainfall. Preprints
for the Fourth International Conference on
Southern Hemisphere Meteorology and
Oceanography (Hobart, Australia. March 29 to
April 2. 1993). American Meteorological Society.
Boston, MA:283-284.
YIN, Z.-Y., 1994: Moisture condition in the southeastern USA and teleconnection patterns. International
Journal of Climatology. 14(9): 9i~-96"7

-»
TEMPERATURE AND PRECIPITATION
ANGELL, J.K., 1988: Variations and trends in tropospheric and stratospheric global temperatures.
1958-1987. Journal of Climate. 1(12): 1296-131.3.
ARMY l'A. and P.P. XIE. 1994: The Global
Precipitation Climatology Project: First Algorithm
Intercomparison Project. Bulletin of the American
Meteorological Society. 75(3): 401-420.
CAC. 1995-1996: Climatic Diagnostics Bulletin.
NOAA/NWS/N.MC. Washington. DC.
CAC. 1993-1996: Weekly Climate Bulletin.
NOAA/NWS/NMC. Washington DC.

CAO,

HX.J.F.B. MITCHELL and J.R. LAVERY, 1992:

Simulated diurnal range and variability of
surface temperature in global climate model for
present and doubled C02 climates. Journal of
Climate. 5(9): 920-94.5.
CHRISTY, J.R. and R.T. MCNIDER, 1994: Satellite

greenhouse signal. Nature. 367. 325.
CHRISTY, J.R, R.w. SPENCER and R.T. MCNIDER, 1995:

Reducing noise in the MSU daily louerIropospberic global temperature data set. Journal
of Climate. 8: 888-896.
DUTTON, E.G. and J.R. CHRISTY, 1992: Solar radiative
forcing at selected locations and evidence for
global lower tropospberic cooling following the
eruptions of El Chichôn and Pinatubo.
Geophysical Research Letters. 19: 231.3-2316.
FOLLAND, C.K. and D.E. PARKER, 1991: Worldwide
surface temperature trends since the mid-191b
Century. Greenhouse-Gas-Induced Climatic
Change: A critical apraisal of simulations and
observations. (M.E.Schlesinger. editor). Elsevier
Scientific Publishers, 173-194.
FOLLAND, C.K. and D.E. PARKER, 1995: Correction of
instrumental biases in historical sea surface
temperature data. Quarterly Journal of the Royal
Meteorological Society. 121: .319-367.
Glut'. H.-E. 1. KlRCHNER, A. RoBOCK and I.. Sun 11. 199.3:
Pinatubo eruption winter climate effects: Model
versus observations. Climate Dynamics. 9: 81-93GREGORY, J.M., P.D. JONES and T.M.L. WEIGLEY, 1991:

Precipitation in Britain: an analysis of areaaverage data, updated to 1989. International
Journal of Climatology. 11: 331-346.
GROSIMAN, P.Ya.. 1991: Data on present-day
precipitation changes in the extratropical pari of
the northern hemisphere. Greenhouse-GasInduced Climate Change: A critical Appraisal of
Simulation and Observation. (M.E. Schlesinger.
editor). Elsevier, 297-310.
GRIZA. G.V. and Y.G. APASOVA, 1981: Climatic

variability of monthly precipitation totals of the
northern hemisphere. Meteorology and
Hydrology. 5: 5-6.
HANSEN, J., A. LACB, R. RUEDY, and M. SATO, 1992:

Potential climate impact of Mount Pinatubo eruption. Geophysical Research Letters. 19(2): 215-218.
HANSEN, J.. 11. WILSON, M. SATO. R. RI i:m. K. Shah and

E. HANSEN, 1995: Satellite and surface temperature
data at odds? Climatic Change. 30: 10.3-117.
HORTON, B., 1997: Percentile analysis of gridded
global temperature anomalies. Hadley Centre
CRTN, National Meteorological Library.
Bracknell. Berks. U.K.
Ill FFMAN, G.J.. R.E. ADLER, B. RLDOLE. U. SCHNEIDER
and PR. KEEHN, 1995: Global precipitation
estimates based on a technique for combining
satellite-based estimates, rain gauge analysis,
and NWP model precipitation information.
Journal of Climate 8. 1284-1295.
H11.MK. M.. I99i: Validation of large-scale
precipitation fields in general circulation models.
In (M. Desbois and F. Désalmond, Ed.) Global
Precipitation and Climate Change. Springer
Verlag. Berlin. 387-405.
HURRELL, J.W., 1995: Decadal trends in the North
Atlantic Oscillation: regional temperature and
precipitation. Science. 269(5224): 676-679.
Lit RRELL, J.W. and K.E. TRENBERTH, 1996: Satellite
versus surface estimates of air temperature since
1979 Journal of Climate. 9(9): 2222-22.52.
LitIRRI11. J.W. and K.E. TRENBERTH, 1997: Spurious
trends in satellite MSU temperatures from merging
different satellite records. Nature. 386: 164-167.

JONES, P.D., 1994: Hemispheric surface air
temperature variations: a reanalysis and an
update to 1993. Journal of Climate. 7: 1794-1802.
JONES. P.D. and K.R. BRIFFA, 1992: Global surface air
temperature variations during the twentieth
century: Part I. spatial, temporal and seasonal
details. The Holocene, 2: 165-179.
JONES, P.D. and M. Hi LME, 1996: Calculating
regional climatic time series for temperature and
precipitation: methods and illustrations.
International Journal of Climatology, 16: 361-377.
JONES. P.D. and P.M. KELLY, 1988: Cause of

interannual global temperature variations over
the period since 1861. Long and Short Term
Variability of Climate (II. Wanner and I .
Siegenthaler, editors). Earth Sciences. SpringerVerlag. Berlin. 16: 18-34.
JONES, P.D. and I). CONWAY, 1997: Precipitation in

the British Isles: An analysis of area-average data
updated to 1995. International Journal of
Climatology. 17: 427-438.
JONES. P.D.. T.J. OSBORN, and K.R. BRU TA. 1997:
Estimating sampling errors in large-scale
temperature averagers. Journal of Climate (in
print ).
JONKS.
N.

P.D..

P.Ya.

GKOISMAN.

Pu AIMER. W.-C. W W ,

M.

CoUGHLAN,

and T.R. KAKI. 1990:

Assessment of urbanization effects in lime series of
surface air temperature over land. Nature. 347:
169-172.
KARL. T.R. 1996: The IPCC 11995) scientific assessment and climate change.- observed climate
variability and change. American Meteorological
Society. Seventh symposium on climate change
studies. 1996. Atlanta. Georgia, pp 7-13.
KARL. T.R.. ILL. DIAZ and G. Ki KLA, 1988:

Urbanization: Its detection and effect in the t SA
climatic record. Journal of Climate. 1(11): 1099112.3.
KARL. T.R.. G. Ki KLA and J. GAVIN. 1984: Decreasing

diurnal
Canada
Climate
KARL. T.R..

temperature range in the USA and
from 1941 through 1980. Journal of
and Applied Meteorology. 23: 1-489-1504.
P.D.JONES, R.W KNIGHT, G. KUKXA, N.

PLUMMER, V. RAZUVAYEVA, K.P. GAI.I.O. J. LINDESAY,
R.J. CHARI.SON and T.C. PETERSON, 199.3: A new

perspective on recent global warming:
Asymmetric trends of daily maximum and
minimum temperature. Bulletin of the American
Meteorological Society. 74: 1007-1023.
KODERA. K. and K. YAMAZAKI, 1994: A possible

influence of recent polar stratospheric coolings on
the troposphere in the northern hemisphere winter.
Geophysical Research Letters. 21(9): 809-812.
MITCHELL. J.F.B., R.A. DAVIS, W.J. INGRAM, and C.A.

SENIOR. 1995: On surface temperature, greenhouse
gases and aerosols: models and observations.
Journal of Climate. 8( 10): 2364-2386.
NtCHOi.LS. N.. G.V.GRUZA, J. JOUZEL, T.R. KARL. I..A.
OGALLO and D.E. PARKER, 1996: Observed climate
variability and change. In (J.T. Houghton, I..G.
Meira Filho, B.A. Callendar. N. Harris. A.
Kattenburg and K. Maskell. Eds) Climate change
1995: the science of climate change. Cambridge
University Press. 133-192.
PARKER, D.E. and D.I. CON. 1995: Towards a consistent
global climatological rawinsoude data-base.
International Journal of Climatology, 15: 473-496.
PARKER. D.E.. C.K. FOLLAND, and M.JACKSON. 1995:

Marine surface temperature: observed variations
and data requirements. Climatic Change. 31.
559-600.
PARKER. D.E.. M. GORDON. D.P.N. ClILLUM, D..M.1L

INTERNATIONAL DROI OUT INFORMATION CENTER:

SEXTON, C.K. FOLLAND and N. RAYNER, 1997: A

Drought Network' News University of Nebraska.
IPCC. 1992: Climate Change 1992: The supplementary Report to the IPCC Scientific Assessment
WMO/t NEP. Cambridge University Press. 200 pp.
JONES, P.D., 1994: Recent warming in global
temperature series. Geophysical Research Letters.
2102): 1149-1152.

new gridded global radiosonde temperature
database and recent temperature trends.
Submitted to Geophysical Research Letters.
PARKER. D.E.. P.D. JONES. C.K. FOLLAND and A. BEVAN.

1994: hiterdecadal changes of surface temperature
since the late nineteenth century. Journal of
Geophysical Research. 99(1)7): 14373-14400.

89

PARKER. O.I-.. II. WILSON. P.O. JONES. J. CHRISTY and

C.K. FOLLAND. 1996: The impact of Ml. Pinatubo
on Climate. Im. J. Climate Change, 16. 487-497.
RASMISSOV E.M. and P.A. ARM\. 1993: A global view
of large-scale precipitation variability. Journal of
Climate. 6(8): 1495-1522.
REITENBACH. R. and A. STEWN, 1995:

'temperature

changes in the atmosphere: strong signal of
global cooling in lower stratosphere. Proceedings
of the Sixth International Meeting on Statistical
Climatology (University College. Galway.
Ireland): 235-238.
REYNOLDS. R.W.. 1993: Impact of Mount Pinatubo
aerosols on satellite-derived sea surface
temperatures. Journal of Climate. 6(4): 768-774.

DROUGHT MONITORING CENTRE. 1991-1993: Ten-Day

Drought Watch for South Africa. WMO/UNDP
Project RAF/88/044, Harare. Zimbabwe.

THOMPSON. C.B., 1995: Drought management
strategies in southern Africa: 1992/1915. United
Nations Children s Fund.
UNCANAI. L.S.. 199 i: Drought and southern Africa:
A note from Ihe Harare Regional Drought
Monitoring Centre. Drought Network News.
International Drought Information Center.
University of Nebraska. 6(2): 7-9.
UNIVERSITY 01 NEBRASKA. 1995-1996: Drought Network
News. International Drought Information Center.

FERNANDO. T.K.. L. CIIANDRAPALA and P.M. JAYATIUKA

WANG SHAOWU, ZHAO ZONGQ, et ai.

real-time global sea-surface temperature analysis.
Journal of Climate. 6(1): 114-119.
ROUOCK. A. and J. MAO. 1992: Winter warming from
large volcanic eruptions. Geophysical Research
Letters. 19: 2405-2408.

BANDA, 1992: A comparative study of the droughts
of 1983. 1987and 1992. Proceedings of the
Annual Sessions of the Sri Lanka Association for
the Advancement of Science.
FOWLER, A.. 1994: Assessment of the significance of
the 1994 drought in Auckland. Weather and
Climate. 14(2): 22-25.
GARANGANGA, B.J.. 1993: Drought Monitoring Centre
— activities, outputs and linkages into other early
warning systems. WMO. WCASP No. 2~. App. E.

SATO. M..J.E. HANSEN, M.O. MCCORMICK and 1.13.

HALPEKT. M.S.. G.D. BELL. Y.E. KOUSKY, and

POLLACK. 1993: Stratospheric aerosol optical
depths. 1850-1990. Journal of Geophysical
Research. 98: 22987-2299 1.
SPENCER, R.W. andJ.R. CHRISTY, 1992: Precision and
radiosonde validation of satellite grid point
temperature anomalies. Part If. A Iropospheric
retrieval and trends during 1979-90. Journal of
Climate. 5(8): 858-866.
SPENCER. R.W. and JR. CHRISTY, 1993: Precision lower
stratospheric temperature monitoring with the
MSU: Technique, validation and results 19791991. Journal of Climate, 6(6): L194-1204.

flood variation for Ihe last 2000 yeais in China
and comparison with global climatic change.
The Climate of China and Global Climatic
Change (edited by Ye Duzhen, el al.) China
Ocean Press. Beijing and Springer-Yet lag. Berlin.
Heidelberg, 20-29.
WMO. 1990: The role if the \\ olid Meteorological
Organization in the International Decade for
Natural Disaster Reduction. WMO-No.745, 32 pp.
Xi Q I N . 1990: Significant change of wirier solar
radiation of China during recent 29 'ears.
Scientia Sinica, Pan B, 10: 1112-1120.

CF. Ropt LEW SKI, 1996: Climate Assessment for
1995. Bulletin American Meteorological Society
Zm ANc. XIE and DAGANG CHEN, 1994: Dr vught in
77(5): SI-SEE
Beijing. 1992-1993. Drought Networi News.
International Drought Information Ce Tier.
HANDLER. P.. 1990: 1. SA corn yields. Ihe F.I Nino and
University of Nebraska. 6(2): 10-11.
agricultural drought: 1867-1988. International
Journal of Climatology. 10(8): 819-828.
ZINYOWERA. M.C. and L.S. lit C.ANAI. 1993 Drought
HARRISON. M.S.J.. 1984: A generalized classification
in southern Africa. An update on the 1991-1992
of South African rain-bearing synoptic systems.
drought. Drought Network News. International
Journal of Climate, 4(5): 547-560.
Drought Information Center. Universi y of
lltiM. R.R.Jr. 1993: Drought in the ISA: Mid-1993
Nebraska, 4(3): 3-4.
update and historical perspective. Drought
Network News. International Drought
Information Center. University of Nebraska. 5(5):
FLOODS
lt-16.
lltiMi. M. and P.D.JONES. 1993: Global climate
BELL. G.D. and J.E. JANOWIAK, 1995: At m /spheric
change in the instrumental record. Environmental
circulation during the Midwest floods of 1993Pollution. 83: 23-36.
Bulletin of the American Meteorological Society,
JANICOT. S.. Y. MORON., and B. FONTAINE. 1996: Sahel
76: 681-696.
droughts and FNSO dynamics.
Geophysical
CAC. 1993: Special Climate Summary 93/1 —
Research Letters, 23(5): 515-518.
Midwestern Floods: Heat and Drought in the
LYONS. S.W.. 1991: Origins of convective variability
Fast. NOAA/NWS/NMC. July 12. 199:. S pp.
over equatorial southern Africa during austral
CHOWDHURY, A. and SA'. MHASAWADE, 1991: Variations
summer. Journal of Climate. 4(1): 23-39.
in meteorological floods during summer monsoon
over India. Mausam. i2(2): 167-70.
MAKSIMOVA, G.A. and D.A. PED. 1991: Time and space
variations in Ihe frequency of atmospheric
OMAR. O.N.. and S. NANDARGI, 1995: Au appraisal of
droughts. Soviet Meteorology and Hydrology. No.
floods during the 1994 monsoon season. Vayu
10. 1-5.
Mandai. 25(3/4): 82-88.

REYNOLDS. R.W. and O.C. MARISCO, 1993: An improved

SPENCER. R.W. and J.R. CHRISTY and X.C. GRODY, 1990:

Global atmospheric temperature monitoring with
satellite microwave measurements: method and
results 1979-84. Journal of Climate. 3: 1111-1128.
SRIYASTAVA. H.N., el at., 1992: Decadal trends in
climate over India. MAUSAM, 43: 7-20.
THAPLIYAL. V., et ai. 1991: Climate changes and
trends over India. MAUSAM, 42: 333-338.
TRENBERTH, K.E..J.R. CHRISTY and J.W. HURRELL,
1992: Monitoring global monthly mean surface
temperatures. Journal of Climate. 6: 1405-1423.
WALPOLE. R.E. and R.H. MYERS. 1978: Probability

and statistics for engineers and scientists.
Macmillan Publishing Co.. New York. 580 pp.
WARD and C.K. FOLLAND, 1991: Prediction of

seasonal rainfall in the north dordeste of Brazil
vary eicenveclors of sea surface temperature. Int.
J. Climate Change. 11.711-743
WOODWARD, W.A. and ILL. GRAY, 1993; Global

warming and the problem of testing for trend in
time series data. Journal of Climate, 6(5): 953-962.
WMO. 199-t: Assessing a precious resource... water
WMO-No.801, 12 pp.
WMO. 1995: Global Precipitation Climatology
Centre. The Global Climate System Review. CSM
June 1991-November 1993. p.37.
Xt Qt N. 199 i: The distribution of large scale
climate anomalies in 1992 and their
relationship with the eruption of Pinatubo.
Quarterly Journal of Applied Meteorology.
Beijing.

DROUGHTS
ANDERSON, L. 1994: Australia faces worst ever
drought. New Scientist. 143(1943): p 9.
AUSTRALIAN BUREAI OF METEOROLOGY: Drought

review. Australia Current series.
CAC/CPC 1982-presenl: Climate Diagnostics
Bulletin. NOAA/NWS/NMC. Washington. DC.
CHINESE ACADEMY OE SCIENCES, INSTITI TE OE ATMOSPHERIC
PHYSICS, CENTER OF CLIMATIC AND ENVIRONMEN I M
PREDICTION RESEARCH, 1994: 'ihe prediction of the

droughts in North China and change tendency of
the drought during J994-1995. Progress Report of
the CCEPR. Monograph I. pp 4-9.

90

DAS, P.K., 1986: Monsoon. Fifth International
Meteorological Organization (MO) lecture.
W.VlO-No.613. 155 pp.
DffiMEYER, PA. and J. SEILKEA. 1996: The effect on
regional and global climate of expansion of the
world's deserts. Quarterly Journal of the Royal
Meteorological Society. 122(530): 451-482.

1987: Drought/

MARSH, TJ. and PS. TURTON, 1996: The 1995

FINK. A.. U. ULBRICH., and II. FNGEL, 199"»: Aspects of

drought -a water resources perspective. Weather.
51(2): 46-53.
MASIKA. R.S.. 1992: Rainfall patterns in eastern
Africa. Drought Network News. International
Drought Information Center. University of
Nebraska. i(.5): 5-10.

the January 1995flood in Germany. Weather.
51(2): 34-39.
GuTTMAN, N.B.. J.P.M. IIOSKINC, and J.R. w u.i.is.
1994: The 1993 Midwest extreme prêt ipiialion in
historical and probabilistic perspectil.: Bulletin
of the American Meteorological Society, ~5(10):
1785-1792.

MAYBANK. J.. B. BONSAI.. K. JONES. R. LAW LOUD. F.G.O.
BURN. E.A RIPLEY, and F. WIIEATON. 1995:

Drought as a natural disaster. AtmosphereOcean. 33(2): 195-222.
RAMAGE. C.S.. 1979: Monsoon Meteorology.
Academic Press. New York. 296 pp.
RAO.Y.B.. M.C. de LIMA and S.I I. FRANCHITO, 1993:

Seasonal and interaunual variations of rainfall
over eastern Northeast Brazil. Journal of Climate.
6(9): 1754-1763.
ROPBLEWSKI, O.F. and M.S. HALPEKT. 1987: Global
and regional scale patterns associated with Fl
Nino/Southern Oscillation. Monthly Weather
Review. 115: 1606-1626.
SHI. N. and Q. Znt. 1993: Studies on Ihe northern
early summer teleconueclion patterns, their
interaunual variations and relation to drought
food in China. Beijing. Advances in Atmospheric
Sciences. 10(2): 155-168.
SIMM MAR, M.V.K.. 1991: Drought spells and
drought frequencies in West Africa. IC RISAI
Research Bulletin 13. 181 pp.
SMITH, O.K.. 1989: Natural disaster reduction: How
meteorological and hydrological services can
help. WMO-No. 722. 45 pp.

IIALPERT. M.S.. G.D. BILL. Y.F. Kot SKY a id CF.

ROPEI.EWSKI (editors). 1994: Fifth ami ml climate
assessment 1993. NOAA/NWS/NMC/CAC.
Washington. DC. 11 1 pp.
HALPEKT. M.S.. G.D. BELL. Y.F. Kot SKY a i d CF.

ROPELEW SKI. 1996: Climate Assessmeu for 1995.
Bulletin of the American Meteorolog cal Society.
77(5): S1-S44.
KIRVAR. E., 1993: Severe early July iveall er in
northwest Turkey. Weather. 48(3): 23^-246.
LINDESAY. J.A., and M.R.Jt in. 1991: Atmospheric
circulation controls and characlerist cs of a flood
event in central South Africa. Intern; tional
Journal of Climatology. 1 1(6): 609-62".
Mo. K.C. J. NOGUES-PAEGLE and J. PAECIE. 1995:

Physical mechanisms of Ihe 1993 summer floods.
Journal of the Atmospheric Sciences. 52: 879-895.
MYERS, M.F and G. WHITE, 199.5: The challenge of
the Mississippi flood Environment, 5 ; :6-9, 25-55.
Sin. N. and Q. Zllt . 1995: Studies on the northern
early summer teleconnection pattern.. their
interaunual variations and relation to
drought/flood in China. Beijing. Ath mces in
Atmospheric Sciences. 10(2): 155-168.

References and

Bibliography

USA DEPARTMENT OF COMMERCE, 1993: The Great

NATIONAL INSTITUTE OF WATER \ND ATMOSPHERIC

CHINA METEOROLOGICAL AGENCY, 1996:

Flood of 1993. NOAA, Natural Disaster Survey
Report.
USA GEOLOGICAI SI RVEY, 1993: Flood discharges in
the upper Mississippi River Basin. July through
August 1993. USGS Circular. 1120-A, li pp.
VAN MEIJGAARD, E., unci R. JuDERDA, 1996: The Meuse
flood in January 1995. Weather, 51(2): 39-45.
Willi wis. J.. 199 i: The Great Flood. Weatherwise,
47(1): 18-22.
W'MO. 1994: The American Midwest floods of
summer 1993- World Climate News. 4: 10-11.
Xi QUN, 1992: Talking about long-range forecasting
from the point of severe waterlogging of YangtzeHuaihe Valley during summer 1991. NatureJournal. 15(9): 679-684.
\i Qt \ . 1992: An analysis on the cause to the abnormal earliness of rainy season in central China in
1991. Meteorological Monthly. 18(9): 17-20.

RESEARCH LTD., 1994: South Pacific Climate
Monitor (Ed. R. Basher). Wellington. New
Zealand. Monthly Issue to September 1994.
NlNOMIYA, K. and T. AlUYAMA, 1992: Multi-scale
features of Bain, the summer monsoon over
Japan and Fast Asia. Journal of the
Meteorological Society of Japan, 70(1B): 467-494.
Pi \i« l. R.P.. 1988: The global circulation and the
West African monsoon. WMO Tropical
Meteorology Research Programme. WAMHX
related research and tropical meteorology in
Africa. Report series 28. 271 pp.

Landfall Tropical Cyclones. National Climate
Center, Beijing. China.
CROWTHER, H.G.. 1993: Tornadoes Hit New Heights.
Weatherwise. 46( 1 ): 29-3".
CROWTHER, H.G., 1994: Tornadoes strike far and
nide. Weatherwise, 47(1): 28-37.
CROWTHER, H.G., 1995: Weather of1994—
Tornadoes. Weatherwise. 48(1): 43-51.
EMMRICH, P.. 1991:
92JahreNordhemisphârischer
Zonalindex. Meteorologische Rundschau. 4.5(6):
161-169.
GRAY, W.M.. 1968: Global View of The Origin of
Tropical Disturbances and Storms. Monthly
Weather Review, 96: 669-700.
GRAZI LI/. T.P.. 1991: Significant Tornadoes. 18S019S9. Volume l: Discussion And Analysis.
Environmental Films. St. Johnsbury, Vt, 526 pp.

MONSOONS
AUSTRALIAN BI RI U OF METEOROLOGY, 1993-1996:

Climate Monitoring Bulletin. National Climate
Centre. Melbourne. Monthly issue.
AUSTRALIAN BUREAU OF METEOROLOGY, 1993-1996:

Significant Weather Summaries. Melbourne.
Monthly issue.
BHALME, H.N.. 1991: Processes responsible for
monsoon variability. W'MO ID-No. 196 v.H: 309321.
CHANG, C.-P. and G.T.-J. CHEN, 1995: Tropical
circulations associated with southwest monsoon
onset and westerly surges over the South China
Sea. Monthly Weather Review, 123< 1 0:32543267.
CHEN. G.T.-J., 199 i: Large scale circulations
associated with the east Asian summer monsoon
and the Mei-Yu over South China and Taiwan.
Journal of the Meteorological Society of Japan.
72(6). 959-98.3.
CHINA METEOROLOGICAL ADMINISTRATION, 1994, 1995:

China Climate Bulletin. Beijing.
CHINA METEOROLOGICAL ADMINISTRATION, 1994-1995:

Monthly Climate Monitoring Bulletin. National
Climate Centre. Beijing.
CHINA METEOROLOGICAL ADMINISTRATION. 1995:

Annual Climate Monitoring Bulletin. National
Climate Centre. Beijing.
DlNG, Y.. 1992: Summer monsoon rainfalls in
China. Journal of the Meteorological Society of
Japan. 70( 1 ): 373-396.
FIJI METEOROLOGICAL SERVICE. 1993-1996: Monthly

Weather Summary.
GOWARIKIR. V., etal. 1991: A power regression model
for long rangeforecast of southwest monsoon rainfall over India. Mausam. 42: 125-30.
INDIA METEOROLOGICAL DEPARTMENT, 1993-1996:

Reports on Monsoon Season. Mausam.
INDIA METEOROLOGICAL DEPARTMENT, 1991-1993:

Reports of the Asian Summer Monsoon Activity
Centre. New Delhi. Newsletters 1991. 1992. 1993.
JURY, M.R.. 1996: Regional téléconnexion patterns
associated ivilh summer rainfall over South
Africa. Namibia and Zimbabwe. International
Journal of Climatology. 16(2): 135-153.
KIANGI, P.M.R.. 1989: The monsoons of East Africa
and the associated rainfall deficiency. WMO.
F.TR 6. WMO TD.277: 181-227.
KIIADIS. G.N. and S.K. SlNHA, 1991: ENSO, monsoon
and drought in India. In Teleconnections
Linking Worldwide Climate Anomalies,
Cambridge Univ Press: 431-458.
LAINCI. A.G. and J.M. FRITSCH, 1993: Mesoscale

convective complexes over the Indian monsoon
region. Journal of Climate. 6(5): 911-919LANDSEA, C.W. and W.M. GRAY. 1992: The Strong

association between western Sahelian monsoon
rainfall and intense Atlantic hurricanes. Journal
of Climate, 5(5): 435-453-

RAUESII. K.J.. l.C. MOIIANTV. and P.I..S. RAO, 1996: A

study on the distinct features of the Asian
summer monsoon during the years of extreme
monsoon activity over India. Meteorology and
Atmospheric Physics. 59(3/4): 173-183.
RODWELL, M.J. ami B.J. I IOSMNS. 1996: Monsoons and

the dynamics of deserts. Quarterly Journal of the
Royal Meteorological Society. 122(5.3 I): 1385-1-104.
Sum. N\. 1985: Quasi-stationary waves in midlatitudes and the Bain in Japan. Journal of the
Meteorological Society of Japan. 63(6): 983-995.
SUPPIAH, R.. 1992: The Australian summer
monsoon: a review. Progress in Physical
Geography l6( i): 283-318.
TANAKA, M.. I99i: The onset and retreat dates of
the austral summer monsoon over Indonesia.
Australia and .\eiv Guinea. Journal of the
Meteorological Society of Japan, ~1(,2): 25526".
THAPUYAL, V., etal., 1992: Recent models for long
range forecasting of southwest monsoon rainfall
in India. Mausam. 43: 239-248.
WALKER, G.T., 1923-1924: Correlation in seasonal
variation of weather. Memoirs of the India
Meteorological Department. 2-t.
WANG SHAOWI . ZHAO ZONGQ, etal.. 1987:

Drought/flood variation for the last 2000 years in
China and comparison with global climatic
change. The Climate of China and Global
Climatic Change (edited by Ye Duzhen. et al).
China Ocean Press. Beijing and Springcr-Yerlag
Berlin. Heidelberg. 20-29.
WMO. 1994: The 199/, Indian monsoon— a very
good year. World Climate News, i: 10.
WMO, 1994: Heavy winter monsoon in Malaysia.
World Climate News. 5:9.
Ni QUN, 1990: Notable Change of Solar Radiation
of Clear Skies in China for Recent 29 Winters.
Scientia Sinica (Part B). 10: 1112-1120.
Xi QUN, 1965: The Plum Rains (Meiyu) of The
Middle and Lower Yangtze Valley for SO Recent
Years. Acta Meteorologica Sinica. 34(4): 507518.
Xi Qi N. 1989: The influence of ENSO and volcanic
eruptions on summer monsoon rain belts in
eastern China. Journal of the Academy of
Meteorological Sciences, 4(3): 283-290.
Xi QUN, 1992: Talking about long-range
forecasting from the point of severe
waterlogging of the Vangtze-Iluaihc Valley
during summer 1991. Nature Journal
(Shanghai). 15(9): 679-684.

STORMS
AVTLA, I..A. and M. MWIIIID. 1991: Eastern Pacific
Hurricanes. Weatherwise. 4~(1): -14-1"".
AULA. L.A. and K.N. RAPPAPORT. 1996: Weather of

1995— Fasleru Pacific Hurricanes. Weatherwise
49(1): 42-43.
BURT, S., 1993: Another New North Atlantic LouPressure Record. Weather, 48(4): 98-103.
CHINA METEOROLOGICAL ADMINISTRATION, 1993: China

Climate Bulletin. 10 pp.
CHINA METEOROLOGICAL AGENCY. 1994: China Climate

Bulletin 1994. National Climate Center. Beijing.
China.

china's

HALPERT, M.S.. G.D. BILL. V.H. KOUSKY and CF.

ROPELEWSKI, 1996: Climate Assessment For 1995.
Bulletin of the American Meteorological Society.
Vol. 77(5): Sl-44.
INDIA METEOROLOGICAJ DEPARTMENT, 1995. 1994, 1995:

Reports on Cyclonic Disturbances Over North
Indian Ocean Regional Specialized Meteorological
Centre Tropical Cyclones — New Delhi.
JAPAN METEOROLOGICAL AGENCY, 1994-1995: Annual
Report on Activities of the RSMC Tokyo Typhoon
Center 1994. Tokyo, Japan.
JAPAN METEOROLOGICAL AGENCY. 1995-1996:

Annual

Report On Activities of the RSMC Tokyo 'Typhoon
Center. 1995. Tokyo. Japan.
LANDSEA, C.W.. N. NICHOLLS, W.M. GRAV and LA

A\ HA. 1996: Downward Trends in the Frequency
of Intense Atlantic Hurricanes During the Past
lue Decades. Geophyiscal Research Letters.
25(13): 1697-1700.
LE COMTE, D. and D. SECORA, 1993: Cyclones Slam
into the Philippines and \ let Nam. U.S. Weekly
Weather and Crop Bulletin. December 1 1. 1993: 19.
MAYEIEI.D. M. and 1.. AVILA, 1994: North Atlantic
Hurricanes— 7593. Mariner S Weather Log.
38(2): 10-16.
MAYEIEI.D. M. and M. LAW RENCE. 1996: Weather of

1995— Atlantic Hurricanes. Weatherwise, 49(1):
3-1 il
MCCARTHY, D.W. and P.P. OSTBY. 1996: Weather of
1995— Tornadoes. Weatherwise, 49(1): 44-47.
PAS< 11. RJ. and M. MAYEIEI.D. 1995: Fasleru North
Pacific Hurricane Season — 1994. Mariners
Weather Log. .39(3): 20-25.
PASCH, R.}. and M. MAYEIEI.D. 1995: Eastern Pacific
Hurricanes— 1994. Weatherwise, 48(1): 41-42.
RAPPAPORT. E.N. and RJ. PASCH. 1994: Atlantic

Hurricanes. Weatherwise. 47(1): 3S-4.3.
RAPPAPORT, E.N. and RJ. PASCH, 1994: Eastern North
Tacific Hurricanes— /99.i Mariner's Weather
Log. 38(2): l _ -25.
RAPPAPORT, E.N. and L.A. AVTLA, 1995: North Atlantic
Hurricane Season— 1994. Mariner's Weather
Log. 39(3): 12-19.
RAPPAPORT, F.N. and L.A. AVTLA, 1995: Weather of

1994 — At/antic Hurricanes. Weatherwise. |8( 1 ):
36-40.
ROSENHAGEN, G., 1993: F.rhehlich Vermehrle
Slurmhdiifigkeit liber dem Nordatlantik auch im
Winter. 1992-1993. Die Witterung In Bersee, Nr.3.
SCHMIDT, II. and II. VON STORCH, 1993: German

Bight Storms Analyzed. Nature. Vol.365. P.791.
ISA DEPARTMENT OF COMMERCE, NOAA. 1993-1996:
Weekly Climate Bulletin. Climate Prediction
Center. Washington. D.C., ISA.
USA DEPARTMENT OF COMMERCE, NOAA. 1993-1996:
Climate Variations Bulletin. National Climatic
Data Center. Asheville. NC. USA.
USA DEPARTMENT OF COMMERCE, NOAA-NAVY. 1996:

Global Tropical/Fxlralropical Cyclone Climatic
Atlas CD-ROM Version 2.0. Asheville. NC. USA.
VON STORCH. IL. etal.. 199.3: Changing Statistics of
Storms in the North Atlantic. Max Planck Institute
report No. 116.

Ç1

WMO and UNEP. 1993-1996: Climate System
Monitoring Monthly Bulletin.

8
CRYOSPHERE
AAGMRD, K. and E.G. CARMACK, 1989: The Role of
Sea Ice and other Fresh Water in the Arctic
Circulation. Journal of Geophysical Research.
94(C10): 14485-14498.
AGNEW, TA., II. LE, and T. HIROSE, 1996: Estimation

of Large Scale Sea Ice Motion From Ssm/1 85.5
Ghz Imagery, Submitted to Annals Of
Glaciology. Vol.22.
BARRY, R.G., F.M. FALLOT and R.I.. ARMSTRONG, 1994:

Assessing decadal changes in the cryosphere:
Eurasian snow cover. Proceedings of the Fifth
Symposium on Global Change Studies. American
Meteorological Society. Boston. MA. 148-155.
BJOERGO, E.. O.M. JOHANNESSEN and M.W. MILES,

1997: Analysis of merged Smmr-Ssmi lime series
of Arctic and Antarctic sea (ce parameters 19781995- Geophysical Research Letters (in press).
BROW \ . J.. 1997: Disturbance and recovery of
permafrost terrain. In Crawford. R.M.M.. ed.
Disturbance and Recovery in Arctic lands: an
ecological perspective. (NATO workshop. 1995).
Kluwer Academic Publishers, The Netherlands.
BROWN, R.D., 1996: Historical Variability in
Northern Hemisphere Spring Snow Covered Area.
Annals of Glaciology. (25) — in press.
BROWN, R.D. and B.E. GOODBON, 1993: Recent

Observed Trends and Modelled lulerauuual
Variability in Canadian Snow Cover. Proceedings
of 50th Eastern Snow Conference (Quebec City.
Quebec. June 9-10. 1993): 389-39".
BROWN, R.D. and B.E. GOODISON, 1996: Interannttal

Variability in Reconstructed Canadian Snow Cover.
1915-1992. Journal of Climate. 9(6): 1299-1318.
DAVEY, M. and A. WALKER, 1993: Great Slave Lake
Ice Break-up. Spring 1993. Climatic Perspectives,
Environment Canada. 15: 8-9.
ENVIRONMENT CANADA. 1992-1994: Canadian Great
Lakes Summary of Ice Conditions for the Winter
1991-1992 (1992-1993 and 1993-1994). Ice
Central, Ottawa.
GlNSBURG, B.M.. K..Y POLYAKOVA, and I.I. SOI.OATOVA.
1992: Secular Changes in dates of Ice Formation
on Rivets and their Relationships with Climate
Change. Soviet Meteorology and Ilydrology.
(12): 57-64.
GORBUNOV, A.P.. 1978: Permafrost investigation in
high mountain regions. Arctic and Alpine
Research. 10(2): 284-29-+.
GRAF, D.H., W. GARTNER and P. K o u v 1996: Weather
of 1995—Snow. Weatherwise. 49(1): 48-52.
GHOISMAN. P.Ya. and D.R. EASTERLING, 1994:

Variability and trends of total precipitation and
snowfall over the USA and Canada. Journal of
Climate. 7(1): 183-205.
GROISMAN, P.Ya.. T.R. KARL, and R.w. KNIGHT, 1994a:

Changes of snow cover, temperature and
radiative heat balance over the northern
hemisphere. Journal of Climate. 7( 11 h 1633-1656.
GROISMAN, P.Ya.. T.R. KARL and R.W. KNIGHT, 1994b:

HIROSE. T.. T. HEACOCK. and E. LEE. 1991: Advances

in Sea Ice Tracking Algorithms. Proceedings of
the 14th Canadian Symposium on Remote
Sensing. 292-295.
HOELZLE, M., w. HAEBERU and F. KELLER 1993:

Application ofBTS measurements for modelling
mountain permafrost distribution. Sixth
International Conference on Permafrost. Beijing.
Proceedings Vol. 1: 272-277.
HUGHES, M.G. and D.A. ROBINSON. 1993: Snow cover
variability in the Great Plains of the USA: 19101988. Proceedings of 50th Eastern Snow
Conference. (Quebec City. Quebec. June 8-10.
1993): 35-42.
IPCC. 1996: Climate Change 1995. The Science of
Climate Change. Chapter 3. Observed Climate
Variability ind Change Cambridge Univ Press
for the IPCC. pp 572.
INTERNATIONAL PERMAFROST ASSOCIATION, 1996:

Circumpolar Active Layer Monitoring (CALM).
Fro/en Ground. 20: 15-16.
I li IM JR. 1993: Recent variations of snow cover
and snowfall in North America and their
relation to precipitation and temperature
variations. Journal of Climate. 6(7): 1.327-1344.
KARL, T.R., R.W. KNIGHT, and P.Ya. GROISMAN, 1994:

Observed impact of snow cover on the heat
balance and the rise of continental spring
temperatures. Science. 263(5144): 198-200.
KING, J.C., 1994: Recent climate variability in the
vicinity of the Antarctic Peninsula. Journal of
Climate. L4: 357-361.
KOCIN. P.].. 1)11. GRAF, and W.E. GARTNER. 1995:

Weather of 1994— Snow. Weatherwise. 48(1):
24-29.
LEATHERS, I)J. and D.A. ROBINSON. 1993: The

association between extremes in North American
snow cover extent and USA temperatures. Journal
ol Climate. 6(7): 1345-1355.
MARKO,J.R., D.B. FISSEL. P. WADIIAMS. P.M. KELLY and

R.D. BROWN. 1994: Iceberg severity off eastern
North America: its relationship to sea ice
variability and climate change. Journal of
Climate. 7(9): 1335-1355.
MASLAMK. J.A., M.C. SERREZE, and R.G. BARKY. 1996:

Recent decreases in arctic summer sea ice cover
and linkages to atmospheric circulation
anomalies. Geophysical Research Letters. 23(11):
16"-1680.
MITCHELL. J.F.B.. T.C. JOHNS. J.M. GREGORY and S.F.B.

TETT, 1995: Climate response to increasing levels
of greenhouse gases attd sulphate aerosols.
Nature. 376(6540): 501-504.
MORRISON. S.J.. 1990: Warmest year on record in the
Antarctic Peninsula.? "Weather, 45: 231-232.
MYSAK. I..A.. R.G. INGRAM, J. WANG and A. VAN DER

BAAREN, 1996: TIK anomalous sea-ice extent in
Hudson Bay. Baffin Bay. and the Labrador Sea
during three simultaneous NAO and FNSO
episodes. Atmosphere-Ocean. 35(2): 313-343.
NnSON. F., J. BROWN. T LEWKOWICZ and A. TAYLOR,

HAEBERU, W.. M. HOELZLE and S. S u m , 1996:

ROBINSON. DA.. E.T. KEIMIG and K.I". DEWEY. 1991:

HAEBERU, W., M.. HOELZLE, I-'. KELLER, W. SCIIMID, D.

VONDER Mi i ILL and S. WAGNER.,1993: Monitoring

SERRE/.E. M.C.J.A. MASIANIK.JR. KEY. R.I. I.< KAU and

D.A. ROBINSON. 1995: Diagnosis of the record minimum in arctic sea ice cover during 199') and
associated snotv cover extremes. Geoph sical
Research Letters. 22(16): 2183-2186.
Sius. A.. 1993; 1993 — Tlx ice year in review.
Climatic Perspectives. Environment Can ida,15: 4-5.
SKINNER, W.R.. 1991: Lake ice conditions as a
ayospberic indicator of climate varia! Hit) in
Canada. Atmospheric Environment Si r\ ice.
Internal Report. July.
SOLDATOVA, I.E. 199.3: Secular variation in river
breakup dales and their relationships o climate
change. Russian Meteorology and Hydrology.
(9): 70-76.
VAUGHAN, D.G. and C.S.M. DOAKE. 1996: Recent
atmospheric warming and retreat of i e shelves
on the Antarctic Peninsula. Nature. 379 .328-330.
VONDER MI nn. D., 1993: Geophysikaliscl e
Unleisuchungeii im Permafrost des
Oherengadins. Mitteilung der VAW-FI I Zurich.
122. 222.
VONDER MI HIT. D., 1996: Drilling in Alpin
permafrost. Norsk Geografisk Tidsskrill. ^0: 17-24.
VONDER MI I ILL. D. and W. HAEBERU, 1991 : Thermal

characteristics of the permafrost wilbi ; m active
rock glacier I Murlhl/Corvatsch. Grisoi s, Swiss
Alps). Journal of Glaciology. 36 (123) 151-158.

KARL. T.R.. P.Ya. GROISMAN. R.W. KNIGITI and R.R.

Observed impact of snow cover on the heat
balance and rise of continental spring
temperatures. Science. 263: 198-200.
HAEBERU, W.. 1990: Glacier and permafrost signals of
20th century warming. Proceedings of Symposium
on Ice and Climate, Seattle. Cambridge,
International Glaciological Society. 99-101.
HAEBERU, W., 1995: Glacier fluctuations attd climate
change detection — operational elements of a
worldwide monitoring strategy. WMO Bulletin.
44(1): 23-31.
Glacier Mass Balance Bulletin. No.4.( 1994-1995).
IAHS/UNEP/UNESCO. 89 pp.

92

the long-term evolution of mountain permafrost
in the Swiss Alps. Sixth International Conference
on Permafrost. Beijing. Proceedings Vol.1: 214219.

1996: Active layer protocol. In [TEX Manual.
Second Edition. (Li. Molau and P. Molgaard. eds).
Danish Polar Centre, Copenhagen, pp 14-16.
REYCRAIT. J. and W. SKINNER. 1993: Canadian lake
ice conditions: An indicator of climate
variability. Climatic Perspectives, Environment
Canada. 15: 9-15.
ROBINSON. D.A. eta/.. 1993: Global snow cover
monitoring: An update. Bulletin of the American
Meteorological Society. 74(9): 1689-1696.
Recent variations in Northern Hemisphere snow
cover. Proceedings of the 15th Annual Climate
Diagnostics Workshop (Asheville. NC. October
29-November 2, 1990): 219-224.

VONDER MUHLL, D., M. HOELZLE, and ST. WAGNER.

1994: Permafrost in den Alpen. Die
Geowissenschaften 12. (5-6): 149-15.3.
VONDER MI HLI. D. and P. Hon is. 1992: Borehole
logging in Alpine permafrost. Upper I: igadin.
Swiss Alps. Permafrost and Periglacial Processes
3. (2): 125-132.
WORLD GLACIER MONITORING SERVICE, ICSI. 1993-1996:

Mass Balance Bulletins. WGMS. ZQric i.
WMO, 1996: Arctic climate system study enters
third year. World Climate News. No.8 5.
YANG. S. and L. Xu, 1994: Linkage betUX u
Eurasian winter snow cover and regional
Chinese summer rainfall. International Journal of
Climatology, 14(7): 739-750.

9
BIOLOGICAL SYSTEMS
CHU, P.-S.. et at.. 1994: Detecting climate change
concurrent with deforestation in the Amazon
Basin: Which way has it gone?'Bulletin of the
American Meteorological Society. 75( i) 579-584.
CORNEORD. S.G.. 1996: Human and economic
impacts of weather events in 1995. WMO
Bulletin. 45(4): 347-362.
FAO, 1992: Special feature— Drought d •tastalion
of crops threatens food supplies in sou 'hern
Africa. Food Outlook. (FAO/GIEWS). May 1992:
18-20.
FAO. 1990: Forest Resources Assessment 1990
Project. Rome. Italy.
HANDLER. P.. 1990: USA com yields, the El Nino and
agricultural drought: 1867-1988. Intei national
Journal of Climatology, 10(8): 819-828.
LLMBERT. D.W.S.. 1995: Human and ecoi omic
consequences of weather events during 1994.
WMO Bulletin. 44(4): 364-375.
PAT/.. J.A.. PR. EPSTEIN, T.A. BURKE and J M. BATIKS.

1996: Global climate change and emerging
infectious diseases. Journal of the American
Medical Association, 275: 217-223.
RYAN. C.J.. 1993: Costs and benefits of tropical
cyclones, severe thunderstorms and btshfires in
Australia. Climatic Change. 25(3-4): 353-367.
SHARKS, P.R., s.D. SCHITT. and T.A. RITMK I.D. 1994:

Wind damage to envelopes of houses md
consequent insurance losses. Journal if Wind
Engineering and Industrial Aerodynamics.
530/2): 145-155.
SULLIVAN, P. and B. BUCKLEY, 1994: The New South

Wales fires ofjanuaiy
43(2): 116-122.

1994. WMO B illelin.

References and Bibliography

WHO, 1996: Climate Change and Human Health.
WHO. Geneva, pp 305.
WMOand UNEP. 1993-1996: Climate System
Monitoring Monthly Bulletin. World Climate
Programme, WMO. Geneva.
WMO and UNESCO. 1994: Proceedings of world
conference on natural disaster reduction,
Technical Committee E — warning systems. (26
May 1994). UNESCO/WMO. Geneva.
ZAMBIAN DEMRTMENT OF METEOROLOGY, 1994: Zambia

National Early Warning System. Season
1993 1994. Crop Weather Bulletin. 17: 16pp.

10
OCEANS
BINDOFF, N.L. and J.A. CHURCH, 1992: Warming of

the water column in the southwest Pacific Ocean.
Nature. 35": 59-62.
BINDOFF. N.L. and T,|. M< Dot GALL. 1994:

Diagnosing climate change and ocean
ventilation using hydrographie data. Journal of
Physical Oceanography. 24: 1137-1152.
BORNGEN, M.. P. Hi ITCH and M. OuBERG, 1990:
Occurrences of absence of strong salt in/luxes
into the Baltic Sea. Beitrage zur Meereskunde.
Berlin. 61: 11-19.
BOTTOMl.EY. M.. C.K. POLLAND.J. HSIUNG, R.E. NEWELL
and D.E. PARKER, 1990: Global Ocean Surface
Temperature Atlas (GOSTA). Joint Meteorological
Office/Massachusetts Institute of Technology
Project. HMSO. London. 20+iv pp. and 313
plates.
QIAO. Y. and L.-L. Ft. 1995: A comparison between
the TOPHX/'POSEIDON data and a global ocean
general circulation model during 1992-1993Journal of Geophysical Research. 100(02):
24965-24976.
CHENEY, R.E.. B.C. DOUGLAS and L MILLER, 1989:

Evaluation of GEOSAT altimeter data with
application to tropical Pacific sea 1ère!
variability. Journal of Geophysical Research, 94:
4737-4748.
CHENEY, R.E.. J. LIULBRIDGE, J. KLTIN. N. DOYLE, and J.

BLAHA, 1996: Near real-time altimetry from ERS-2
and TOPEX.POSE1DON. EOS Trans. American
Geophysical Union. 77(46): E129.
CHURCH, J.A.. J.S. GODFREY. D.R. JACKLTF and T.J.

MCDOUGALL, 1991: A model oj'sea-level rise
caused by ocean thermal expansion. Journal of
Climate. 4(4): 438-456.
DICKSON. R.F.. J. MFINCKF. S.A. MALMBERG and A.J.

LEE, 1988: The "Great Salinity Anomaly " in the
northern North Atlantic 1968-1982. Progress in
Oceanography. 20(2): 103-151.
Fi Ki MORI, [., 1995: Asimilation of TOPEX sea level
measurements with a reduced gravity, shallow
water model of the tropical Pacific Ocean.
Journal of Geophysical Research. 100(02):
25027-25039.
GAMMFI.SROD. T.. S. OTIRIII S and O. Gonov. 1992:

Decadal variations of ocean climate in the
Norwegian Sea observed at Ocean Station "Mike"
(65°N 2°E). International Council for Exploration
of the Sea. Marine Symposium. 195: 68-75.
II\m:i<\. D.. M.H. FRIEI.ICH and R.S. DUNBAR, 1993:

Evaluation of two January-June 1992 ERS-1 AMI
wind vector data sets. Proceedings of First ERS-1
Symposium (Cannes. November 4-6, 1992).
European Space Agency.
HANSEN, B. and R. KRISTIANSEN, 1994: Long-term

Changes in the Atlantic Water Flowing Past the
Faroe Islands. International Council for
Exploration of the Sea. CM. 1994/S:4.
Ji. M.. D. BFHRINGFR. and A. LEETMAA, 1996: Real-

time TOPEX/POSEIDON altimetry data:
operational analyses for the tropical Pacific and
implications for ENSO prediction. EOS. Trans.
American Geophysical Union. 77(46): F129.
JOYCE. T.M.. 1993: The long-term hydrographie
record at Bermuda. Unpublished manuscript.

LAZIER, J.R.N.. 1995: The Salinity Decrease in the
Labrador Sea over the Past Tljirty Years. In:
Natural Climate Variability on Decade-to-Century
Time Scales. D.G. Martinson. K. Bryan. M. Ghil.
MM. Hall. T.M. Karl. F..S. Sarachik. S. Sorooshian
and L.D. Talley (eds). National Academy Press.
Washington. DC: 295-304.
M.vniiAts. W. and II. FRANCK, 1992: Characteristics
of major Baltic inflow— A statistical analysis.
Continental Shelf Research, 12: 1375-1400.
MATTHAUS, W.. H.U. LASS and R. TIESEL, 1993: The

major Baltic inflow in January 1993- ICES
Statutory Meeting, Dublin. Paper ICES
CM.1993/c:51.
MCPHADEN, M.J., 1993: TOGA-TAO and the 19911993 El Nino/Southern Oscillation event.
Oceanography. 6(2): 36-44.
MEINCKE, J. and B. Ri DELS. 1995: Greenland Sea

Deep Water- A balance between convection and
advection. Nordic Seas Symposium. I lamburg,
March 1995. Extended Abstracts: 143-148.
MiKOLAJEWicz, U. and E MAIKK-REIMEH. 1990: Internal
secular variability in an ocean general circulation
model. Climate Dynamics. 4: 145-156.
MINSTER. J.-E. C. BROSSIER, and P. ROGEL. 1995:

Variation of the mean sea level from TOPEX/
POSEIDON data. Journal of Geophysical
Research. 100(02): 25153-25161.
NEREM. R.S.. 1995: Measuring global mean sea level
variations using TOPEX/POSEIDON altimeter
data. Journal of Geophysical Research, 100(02):
25135-25151.
0STERIU s. S. GAM.MI4.SKOD. and R. HOGSTAD, 1996:

Ocean Weather Ship Station M(66°N 2°E) — The
longest existing homogeneous time series from the
deep ocean. Nordic WOCE Project Office. Univ.
of Bergen, submitted to WOCE Newsletter.
PARRILLA, G.. A. LAW), II. BRYDEN. M. GARCIA, and R.

MILLARD, 1994: Rising temperatures in the
subtropical North Atlantic Ocean over the past 35
years. Nature. 369: 48-51.
PiCAirr, J., A.J. BUSALACCHI, T. DELCROIX and M.J.

MCPHADEN, 1992: Rigorous open-ocean
i alidatiou of TOPEX/POSEIDON Joint
Verification Plan, NASA, Jet Propulsion
Laboratory. 92-2. V14-V16.
PICAUT, J., A.J. BUSAI.AC.CHI, M.J. MCPHADEN and B.

CANUSAT, 1990: Validation of the geostrophic
method for estimating zonal currents at the
equator from GEOSAT altimeter data. Journal of
Geophysical Research. 85: 3015-3024.
READ. J.F. and W.J. GOULD, 1992: Cooling and
freshening of the subpolar North Atlantic Ocean
since the 1960s. Nature, 360: 55-57.
REYNOLDS. R.W.. 1988: A real-time global sea surface
temperature analysis. Journal of Climate. 1(1):
75-86.
REYNOLDS, R.W.. 1991: Sea surface temperature
analyses from in situ data. TOGA Notes. 5: 8-12.
ROEMMICH, D., 1992: Ocean warming and sea-level
rise along the southwest USA Coast. Science, 257:
373-375.
ROEMMICH. D. and C. WUNSCH. 1984: Apparent

changes in the climatic state of the deep North
Atlantic Ocean. Nature, 307: 447-450.
SMITH. E.H., F.M. SOLLE and O. MOSSBY, 1937: The

Marion and General Greene expeditions to Davis
Strait and Labrador Sea under direction of the
United States Coast Guard. 1928-1931-19341935. Bulletin of the U.S.Coast Guard. 19.
Scientific Results. Part 2. Physical Oceanography.
259 pp.
SOREIDE, N.N.. D.C. MCCI.LRG. W.H. Z m . D.W.
DENBO and M.J. MCPHADEN. 1994: 7AO software

for real-time and historical TOGA-TAO data
display and analysis. Tenth International
Conference on Interactive Information and
Processing Systems for Meteorology. Oceanography and Hydrology (Nashville. TN. January
23-28, 1994). American Meteorological Society,
285-290.

THOMSON. R.E. and S. TAHATA. 1989: Sleric sea-level
trends in the northeast Pacific Ocean: Possible
evidence of global sea-level rise. Journal of
Climate. 2(6): 542-553.
WEAVER, AJ. and T.M.C. HUGHES, 1994; Rapid
interglacial climate fluctuations driven by North
Atlantic Ocean Circulation. Nature, 367: 447-450.
WHITE. W.B. and C.-K. TAI, 1995: Inferring
interannual changes in global upper ocean heatstorage from TOPEX altimetry. Journal of
Geophysical Research. 100(02): 24943-24954.
WIGLEY. T.M.L. and S.C.B. RAPER, 1987: Thermal
expansion of sea water associated with global
warming. Nature. 330: 127-131.
WLNSCH, C. and D. STAMMER. 1995: The global

frequency-u 'aven umber spectrum of ocean ic
variability estimated from TOPEX/POSEIDON
altimetric measurements. Journal of Geophysical
Research. 100(02): 24895-24910.

TRACE GASES AND OZONE
1. OZONE
BOJKOV, R.D.. 1995: Tlx International Ozone
Assessment— 1994. WMO Bulletin. 44(1): 42-50
BOJKOV, R.D.. CS. ZEREFOS, D.S. BALIS. I.C. ZIOMAS

and A.F. BAIS, 1993: Record low total ozone
during northern winters of 1992 and 1993Geophysical Research Letters. 20: 1351-1354.
BOJKOV. R.D. and V.E. FIOLETOV, 1995: Estimating

the global ozone characteristics during the last
30 years. Journal of Geophysical Research.
100(D8): 16537-16551.
BOJKOV. R.D.. 1994: Voe ozone
layer—recent
developments. WMO Bulletin. 43(2): 113-116.
BOJKOV. R.D., 1986: Spring-ozone change in
Antarctica and the role of Ithepolar vortex. Adv.
Space Res. Vol. 6 pp 89-98.
BOJKOV, R.D., D. S. BALIS. CS. ZEREFOS and K.

TOUZPALI, 1997: Northern hemisphere winterspring ozone change in 1992-1997. Proceedings.
XVIII Ozone Symposium in L'Aguila. R.D.
Bojkov and G. Visconti (eds). Italy 1997.
CHANDRA, S. and R.D. MCPETERS, 1994: 'floe solar
cycle variation of ozone in the stratosphere
inferred from Nimbus 7and NOAA 11. Journal
of Geophysical Research. 99(D10): 20665-20672.
HERMAN, J.R. and D. LARKO. 1994: Low ozone

amounts during 1992-1993 from Nimbus 7 and
Meteor 3 total ozone mapping. Journal of
Geophysical Research, 99(D2): 3483-3496.
HOFMANN. D.J.. et ai. 1994a: Recovery of stratospheric ozone over the USA in the winter of
1993-1994. Geophysical Research Letters, 21:
1779-1782.
HOFMANN. D.J.. S.J. OI.T.MANS. J.A. LVIIIROI». J.M.

HARRIS and H. VOMEL, 1994b. Record low ozone
at the South Pole in the spring of 1993Geophysical Research Letters. 21(6): 421-424.
JAPAN METEOROLOGICAL AGENCY. 1993: Monitoring of

global warming and ozone depletion: 1992
Summary, 36 pp.
JOHNSON, B.J., T. DESHLER and W.R. RO/.IER. 1994:

Ozone profiles at McMurdo Station. Antarctica
during the austral spring of 1992. Geophysical
Research Letters. 21(4): 269-272.
KERR. J.P.. D.I. WARDLE and D.W. TARASRK. 1993:

Record low ozone values over Canada in early
1993- Geohysical Research Letters. 20: 19791982.
KOMHYR, W.D.. R.D. GRASS. R.D. EVANS. R. K.
LEONARD. D.M. Q I INCY. D.J. HOFMANN. and G.L.

KOENIG. 1994: Unprecedented 1993 ozone
decrease over the USA from Dobsou
spectrophotometer observations. Geophysical
Research Letters. 21(3): 201-204.
KRZYSCIN, J.W.. 1994: On the internannual
oscillations in the northern temperate total ozone.
Journal of Geophysical Research. 99(D7): 1452 - 14534.

93

LARSEN, N.. B. KMDSEN. I.S. MIKKELSEN, T.S.

JORGENSEN, and P. ERIKSEN, 1994: Ozone depletion
in the Arctic stratosphere in early 1993Geophysical Research Letters, 21(15): 1611-161-4.
LEFOHN, A.S.. 1994: Introduction to the special issue
of Atmospheric Environment on surface ozone.
Atmospheric Environment. 28(1).
STAEHEUN, J.. J. THUDIUM, R. BUEHLER, A. VOLZTHOMAS, and W. GRABEK. 1994: Trends in surface

ozone concentrations at Arosa (Switzerland).
Atmospheric Environment. 28: 75-87
WMO, 1995: Scientific assessment of ozone
depletion: 1994. Global Ozone Research and
Monitoring Project — Report No.37. 581 pp.
WMO. 1993: Global Atmosphere Watch— Ozone hole
bigger and deeper. World Climate News. 2: 8-9.
WMO. 1994: Ozone destruction breaks new records.
World Climate News. 5: 4-5.
WMO. 1993: Ozone layer deficit in Northern
Hemisphere. World Climate News. 3: 12-13.
XUE Xi TIE. G.P. BRASSEUR, B. BRTEGLEB and C.

GRANIER, 1994: Two-dimensional simulation of
Pinatubo aerosol and its effect on stratospheric
ozone. Journal of Geophysical Research.
99(D10): 20545-20562.
2. TRACE GASES
BLUNIER. T., J. CHAPPELLAZ, J. SCHWANDER, J. BARNOLA.
T. DESPERTS, B. STAUFFER and D. RAYNAUD, 1993:

Atmospheric methane record from a Greenland
ice core over the past 1000 yea is. Geophysical
Research Letters. 20: 2219-2222.
CONWAY, T.J., P.P. TANS. L.S. WATERMAN, K.W.
THONING. D.R. KITZIS. K.A. MASARIE and N. ZHANG.

1994: Evidence for interannual variability of the
carbon cycle from the National Oceanic and
Atmospheric Administration/Climate
Monitoring
and Diagnostics Laboratory Global Air Sampling
Network. Journal of Geophysical Research.
99CD11): 22831-22856.
Du GOKI M KY. E.J

1. P Sn HI I'M I \N( and K A

MASARIE. 1994: The growth and distribution of
atmospheric methane. Journal of Geophysical
Research. 99: 17021-17043.
EEMNS. J.W. TM. THOMPSON. T.I I. SWANSON, J.II.

KANE. R.P.. 199 I: Interannual variability of some
trace elements and surface aerosol. International
Journal of Climatology, 14(6): 691-704.
KEELING, CD., R. BACASTOW, A. CARTER, S. PIPER, T.
WHORE. M. HEIMANN. W. MOOK and II.

ROELOFFZEN, 1989: A three-dimensional model of
atmospheric COj transport based on observed
winds I. Analysis of observational data. Aspects
of Climate Variability in the Pacific and the
Western Americas. D.H. Peterson (editor).
Geophysical Monograph. 55: 165-236.
KiiAi.u.. M.A.K. and R.A. RASMUSSEN, 1994: The global
decrease of carbon monoxide and its causes.
Report of the WMO Sponsored Meeting of Carbon
Monoxide (CO) Experts. P. Novell] and R. Rossen
(editors), Boulder. CO.
MONTZKA, S.A.. J.n. BUTLER, R.C. MYERS, TM.
THOMPSON. T.H. SWANSON. A.D. CLARKE, I.T. LOCK
and J.W. EI.KINS. 1996: Decline in the

Tropospheric Abundance of Halogen from Ilalocarbons: Implications for Stratospheric Ozone
Depletion. Science. Vol. 272: 1318-1322.
NAKAZAWA, T . T MACHIDA. M. TANAKA. Y. EUJII.
S. AOKI and O. WATANABE, 1993: Differences of

the atmospheric CH4 concentration between the
Arctic and Antarctic regions in preiuduslrial
agricultural era. Geophysical Research Letters.
20: 943-946.
NOVEU.]. P.C.. K.A. MASARIE, P.P. TÀN5 and P.M. LANG.

1994: Recent changes in atmospheric carbon
monoxide. Science. 263; 1587-1590.
PRATHER, M, R. DERWENT. D. EHHALT, P. FRASER, E.

SANHUEZA and X. ZHOU, 1991: Olher trace gases
and atmospheric chemistry. Chapter 2 Climate
Change 1994. Radiative Forcing of Climate
Change and an Evaluation of the IPCC IS92
Emission Scenarios (edited by f.T. Houghton, et
al). IPCC. Cambridge University Press.
Cambridge. UK.
SANHI EZA, E.. P. ERASER and R. ZANDER, 1994: Source

gases: Trends and budgets. Pan 1. Chapter 2 in
Scientific Assessment of Ozone Depletion: 1994.
WMO Global Ozone Research and Monitoring
Project — Report No.37. 581 pp.
STEELE, L.P., E.J. DLUGOKENCHY, P.M. LANG. P.P. TANS,

BUTLER. B.D. HALL. S.O. CUMMINGS, D.A. FISHER

R.C. MARTIN and K.A. MASARIE, 1992: Slowing

and A.G. RAFFO, 1993: Decrease in the growth
rates of atmospheric cblorofluorocarbous 11 and
12. Nature, 364: 780-783.

down of the global accumulation of
atmospheric methane during the 1980s. Nature,
358: 313-316.

ETHERIDGE, D.M.. G.I. PEARMAN and PJ. ERASER, 1992:

Changes in Iropospheric methane between 1841
and 1978 from a high accumulation rate
Antarctic ice core. Tellus. 44B: 282-294.
FRASER, P.J. S. PENKETT. R. HARRIS. Y. MAKIDE and E.

SANHI EZA, 1991: Source gases: concentrations,
emissions, and trends. Scientific Assessment of
Ozone Depletion: 1991. WMO Global Ozone
Research and Monitoring Project — Report No.25.
IPCC. 1995: Climate Change 1994. Radiative
Forcing of Climate Change and an Evaluation of
the IPCCIS92 Emission Scenarios (edited byf.T.
Houghton, el ai). IPCC. Cambridge University
Press. Cambridge. UK.
IPCC. 1996: Climate Change 1995. The Science of
Climate Change (edited byf.T. Houghton, et al).
IPCC, Cambridge University Press. Cambridge. UK.

THONING, K.W. and P.P. TANS, 1989; Atmospheric

carbon dioxide at Mauna Loa Observatory. 2.
Analysis ofNOAA/GMCC data. 197-1-1985.
Journal of Geophysical Research. 94:8549-8565WATSON, T., L.G. MEIRA FILHO. E. SANHUEZA and A.

JANETOS. 1992: Greenhouse gases: Sources and
sinks. Chapter Al in Houghton. J.T., B.A.
Callander and S.K. Varney, Climate Change, the
Supplementary Report to the IPCC Scientific
Assessment. Cambridge University Press.
Cambridge. UK.
WATSON, R.T.. EI. RODITE. H. OESCHGER and

U. SIEGENTHAI.ER. 1990: Greenhouse gases and
aerosols. Chaper 1 in Houghton. J.T., G.J.
Jenkins and J.J. Ephraums. Climate Change, the
IPCC Assessment. Cambridge University press.
Cambridge. UK.

WMO, 199-1: Carbon dioxide growth slows down.
World Climate News. 5: 6.
OTHER ASPECTS OF CLIMATE VARIABILITY
GLOBAL CLOUDINESS
MATVEEV, L.T.. 1986: Global field of cloudiness.
Hydrometeoizdat. Leningrad. 1~9 pp (in
Russian)
MOKIIOY. I. and M.E. SCHLESINGER. 1993: Analysis of

global cloudiness: 1. Comparison of Meteor,
Nimbus-7. and ISCCP satellite data. J< lurnal of
Geophysical Research, 98: 12849-128(8
MOKHOV, I. and M.E. SCHLESINGER, 1994: / nalysis of

global cloudiness. 2. Comparison of groundbased and satellite-based cloud climax ologies.
Journal of Geophysical Research. 99(1)8): 1704517065.
Rossow. W.B. and A.A. LAOS, 1990: Global, seasonal
cloud variations from satellite radiant measurements. Pan II: Cloud properties and ra li.itivc
effects. Journal of Climate. 3(1):1204-1253.
Rossow. W.B. and L.G GARDER. 1993: Validation of
ISCCP cloud detections. Journal of Climate. 6(12):
2370-2393.
Rossow. W.B.. A.W. WALKER and I..C. GARDER, 1993:
Comparison of ISCCP and other cloiu I amounts.
Journal of Climate. 6(12): 2394-2418.
TsEi.iot DIS. G. and W.B. Rossow, 1994: Global,
multiyear variations of optical thickness with
temperature in low and cirrus clouds
Geophysical Research Letters. 21(20) 2211-2215.
VINCENT. I).. 1994: The South Pacific Convergence
Zone (SPCZJ: A review. Monthly Weather Review.
22(9): 1949-1970.
WRIGHT, W.J.. 1993:

Tropical-extratropicalchudbands

and Australian rainfall. Preprint forth'- fourth
International Conference on Southern I lemisphere
Meteorology and Oceanography ( I lob: it. Australia.
March 29-April 2. 1993). American Meteorological
Society. Boston. MA, 283-284.
ZHANG. M. and J.P. FLETCHER, 1993: Variation of global

ocean cloudiness during 1900-1990 and ils
connection with sea surface lemperati re.
Proceedings of International Worksho "> on Climate
Variabilities. Beijing. 13-17 July 1992: 36-41.
WATER LEVELS
GOLITSYN. O S . and G.N. PANTN, 1989:

Contemporary

changes of the Caspian Sea level. Meieorologija i
Gidrologija, 1: 57-64.
GouTSYN, G.S., A.V. DZUBA, A.G. OsiP< v and G.N.
PANIN. 1990: Regional climate changes and
their impacts on the Caspian Sea le el rise.
Doklady, USSR Academy of Sciences. 313(5):
1224-1227.
GOLITSYN. G.S.. 1995: The Caspian Sea I'.-i el as a

problem of diagnosis and prognosis of the
regional climate change. Izvestiya. Atmospheric
and Oceanic Physics. 31(3): 366-372
GOVERNMENT OF CANADA. 1993: Monthly Water Level
Bulletin — Great Lakes and Montreal Harbour.
Canadian Hydrographie Service and Inland
Waters Directorate. 6 pp.
RODIONOV, S.N.. 1988: Recent climate cl auge in the
Caspian Sea basin. Hydrometeoizdat, 124 pp (in
Russian).

PREVIOUS EDITIONS OF THE GLOBAL CLIMATE SYSTEM REVIEW:
WMO. UNEP and ICSU. 1985: The Global Climate
System-A critical review of the climate system
during 1982-1984. World Climate Data
Programme, 51 pp.
WMO, UNEP and ICSU, 1987: The Global Climate
System-Climate System Monitoring, Autumn
1984-Spring 1986. World Climate Data
Programme, 87 pp.

94

WMO and UNEP. 1990 The Global Climate
System-Climate System Monitoring. June 1986November 1988. World Climate Data
Programme, 70 pp.
WMO and UNEP, 1992: The Global Climate SystemClimate System Monitoring, December 1988-May
1991. World Climate Data and Monitoring
Programme. 110 pp.

WMO and UNEP. 1995: The Global Climate System
Review-Climate System Monitoring. June 1991Novcmber 1993- World Climate Data and
Monitoring Progamme. 150 pp.

References and Bibliography

Acronyms
A
ACC
AES
AMS
BoM
CAC
CFC
CI.IVAN

Australian (dollars)
Anthropogenic Climate Change
Atmospheric Environment Service (Canada)
American Meteorological Society
Bureau of Meteorology (Australia)
Climate Analysis Centre (USA)
Chlorofluorocarbon
Climate Variability and Predictability
Programme
CMA
China Meteorological Administration
CMDL
Climate Monitoring and Diagnostics Laboratory
COADS
Comprehensive Ocean Atmosphere Data Set
CPC
Climate Prediction Center (USA)
CPTEC
Ccntro tie Prev isao do Tempo e Estudos
Climaticos (Brazil)
DJF
December/January/February
DWD
Dculschcr Wetterdienst (Germany)
EATL/WRUS East Atlantic Western Russian (pattern)
ECSN
European Climate Support Network
ENSO
El Nino Southern Oscillation
GCM
General circulation model
GEMS
Global Environmental Monitoring System
GOALS
Global Ocean-Atmosphere-Land System
GOES
Geostationary Operational Environmental
Satellite (USA)
GPCC
Global Precipitation Climatology Centre
II
High (pressure or geopotcntial)
ICS1
International Commission on Snow and Ice
INPE
Institute National de Pesquisas Espacias (Brazil)
IPA
International Permafrost Association
IPCC
Intergovernmental Panel on Climate Change
ITAYSM
Ispcttorato Telecomunicazioni ed Assistenza al
Volo Servizio Meteorologico (Italy)
ITCZ
intertropical Convergence /.one
JAWF
Joint Agricultural Weather Facility (USA)
JJA
June/July/August
L
Low (pressure or geopotcntial)
l.l.J
Low level jet
LSW
Labrador Sea Water
M
Million
MAM
March April/May
MOIISST
Meteorological Office Historical Sea Surface
Temperature
MSU
Microwave Sounding I nil

NOTES:

NAO
XCAR
NCDC
NCEP
NDJF
NDMC
M M)\\
NESDIS
NOAA
NOS
NSIDC
NWS
OI
OLR
PNA
RSMC
SCA
SLP
SO
SON
SPCZ
SST
SSM/1
TOGA
UEA
UK
US
USA
USD
USDA
VAW-ETi

WCRP
WDC-A
WGMS
WMO
W'OCE
WPO
WRCC

North Atlantic Oscillation
National Center for Atmospheric Research (USA)
National Climatic Data Center (USA)
National Centers lor Environmental Prediction.
NOAA (USA)
November December January February
National Drought Mitigation Center (USA)
Northeast Atlantic Deep Water
National Environmental Satellite Data and
Information Service (USA)
National Océanographie and Atmospheric
Administration
National Ocean Sen ice. NOAA (USA)
National Snow and Ice Data Center (USA)
National Weather Sen ice (LISA)
Optimum interpolation
Outgoing longwave radiation
Pacific/North American (pattern)
Regional Specialized Meteorological Center
Snow covered area
Sea level pressure
Southern Oscillation

September/October/November
South Pacific Convergence ZoneSea surface temperature
Special Sensor Microwave Imager
Tropical Oceans — Global Atmosphere
programmeUniversity of East Anglia
United Kingdom
United States (of America)
United States of America
United States Dollars
United States Department of Agriculture
Laboratory of I lydraulics, Hydrology and
Glaciology. Swiss Eederal Institute of
Technology (Zurich)
World Climate Research Programme
World Data Center A
World Glacier Monitoring ServiceWorld Meteorological Organization
World Ocean Circulation Experiment
West Pacific Oscillation
Western Regional Climate Center (ISA)

Quantities and units of measuement: Many of the names, symbols and abbreviations of units employed in this
publication conform to the International Svstcm of Units (SI) and the supplementary and derived SI units.
In specifying periods using year dates " " implies that the period begins sometime in one year and ends sometime
in the next. e. g. "the Winter of 1995/96" and unless specific months or dates are mentioned, hyphens ("-") between
years imply data or information based on the whole calendar year period, e. g. "30 years of data, f 961-90".
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