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The Climate System Monitoring (CSM) project of the World Climate
Data and Monitoring Programme (WCDMP) was initiated in 1984 fol-
lowing a recommendation of the Ninth Congress of the World Meteoro-
logical Organization (WMO) in response to the occurrence of signifi-
cant climate system anomalies over the last few years associated with
adverse impacts on the social and economic activities of many coun-
tries. CSM is designed to provide Meteorological Services and other
national and international organizations with synthesized information
on the state of the climate system and diagnostic insights into signifi-
cant large-scale anomalies of regional and global consequence. A CSM
Monthly Bulletin has been issued since July 1984.

This report, the fourth biennial review of THE GLOBAL CLIMATE SYS-
TEM, is based on the current scientific understanding of the climate sys-
tem and provides a basis for the monitoring of global change. This mon-
itoring supports efforts such as the newly formed Climate Change
Detection Project of the WCDMP, by facilitating the identification of per-
sistent anomalies on both global and regional scales, which is a neces-
sary first step toward separating the “signal” of climate change from the
“noise” of natural variability. Due to deficiencies in the global observing
system, the diagnostic analyses of cause-effect relationships are prelimi-
nary for some regions and some climatic events or processes.

It is hoped that the review will promote further research and better
observing systems that would lead to improved models of the complex
interactive processes occurring within the climate system. Much of this
report was compiled from the input of a diverse group of experts from
various regions around the world, who are acknowledged at the end of
the report. Use was also made of readily available scientific literature:
an extensive bibliography is provided at the end of the report for further
reading. I thank David Phillips of the Canadian Climate Centre for his
special contributions in compiling and editing this review.

The co-sponsorship of the CSM project by the Global Environmental
Monitoring System (GEMS) of the United Nations Environment Pro-
gramme and the contribution by the Canadian Climate Centre toward
the production of the figures in this review are gratefully acknowledged.

V. Boldirev

Director, World Climate Programme Department
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This report on The Global Climate
System, the fourth in a series of
biennial reviews, is designed to
provide Meteorological Services
and other national and interna-
tional organizations with infor-
mation about the state of the cli-
mate system. In particular, it
presents a review of significant
climate events and a description
of large-scale anomalies of
regional and global consequence.
Wherever possible, recent events
are placed in an historical context
through the use of data time
series. Also featured is back-
ground information on topical
climate subjects, such as El Nifo,
desertification, and greenhouse
gases. The Review covers in detail
the period from December 1988
to May 1991, inclusive. Brief
mention is made of significant
meteorological-related events
occurring in the remaining
months of 1991.

The climate system encom-
passes the full global domain —
atmosphere, oceans, biosphere,
and cryosphere. It addresses a
multi-disciplinary range of prop-
erties and complex, interrelated
processes.

The Review contains hemi-
spheric and global anomalies of
various atmospheric and oceanic
variables, important for interpret-
ing more detailed analyses at sub-
regional, national and local
scales. The identification of
anomalies requires statistics from
long data time series. The signifi-
cance of climate anomalies is
defined by the departures of vari-
ous components of the climate
system from their “normal” val-
ues and not necessarily by their
impacts.

INTRODUCTION
AND HIGHLIGHTS




The Review also includes global
analyses of temperature and pre-
cipitation anomalies, and atmo-
spheric and oceanic circulation
patterns, and details on the per-
sistence of hot/cold, and wet/dry
episodes. Events bringing consid-
erable loss of life, much suffering
and economic losses — such as
floods, drought and major storms
— are well documented, as well
as information on changes in the
concentrations of ozone and vari-
ous trace gases. To show the full
extent of the total climate system,
short chapters on vegetation
changes, water levels and the
cryosphere are presented.

The Review borrows heavily on
published analyses of regional
and global anomalies carried out
by several national meteorolog-
ical centres. Many of these cen-
tres publish the information in
monthly bulletins, much of which
sees its way into WMO'’s Climate
System Monitoring (CSM) Bulle-
tin published monthly by the
World Climate Data and Monitor-
ing Programme.

Highlights

The review period from December
1988 to May 1991 had its share of
remarkable extremes and anoma-
lous climate events. Floods and
droughts occurred across every
continent, sometimes in the same

localities during the same year.

Some climate highlights for the
period are:

The cold ENSO in the Pacific during 1988-89 was one of the coldest
episodes of the last 50 years,

Global temperatures continued to rise — 1990 was clearly the
warmest year on record.

The years 1988 and 1989 were the first consecutive years with nor-
mal to higher rainfalls in the Sahel since the mid-1960s. Dry and
hot weather returned to the region in 1990.

The “Big Wet” in some areas of eastern Australia during 1989 and
1990 produced the heaviest rains and worst flooding in two centuries.

The monsoon over the Indian Subcontinent and eastern Africa was
described as excellent in 1989 and 1990.

Cloudiness continued to decrease globally during 1989 and 1990.

e Drenching rains struck portions of China in May 1991 and contin-

ued well into August of that year, producing the worst floods this
century in the Wu River system.

The storm that ravaged Bangladesh in April 1991 and inflicted enor-
mous loss of life, much suffering and extensive property damage.
Snow cover extent across the Northern Hemisphere in 1990 was

below normal in every month, averaging about 8 to 10% below the
annual average.

o The Antarctic ozone hole continued to increase in both ozone

depletion and in spatial extent. The mean global growth rate of CO,
for 1989 and 1990 was about 1.4 ppm per year.

o There was an extraordinary rise in the Caspian Sea level.
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The single most important phe-
nomenon associated with global-
scale  atmospheric  circulation
anomalies is the Southern Oscilla-
tion (SO). Dominant features in the
SO extremes include large-scale
warming (cooling) of the equatorial
Pacific sea surface temperatures,
weakening (strengthening) of the
equatorial  low-level easterlies,
enhanced (suppressed) convection
in the equatorial central and east-
ern Pacific Ocean, and enhanced
(weakened) subtropical jet streams
in both hemispheres. The two
extremes in the SO are often
referred to as warm and cold epi-
sodes, with the former frequently
called El Nifo. Historically, the
term El Nino has been applied to an
abnormal warming of the waters
along the west coast of South
America. In recent years it has been
applied to the larger scale warming
that occurs throughout the tropical
Pacific during warm episodes.

EL NINO — COLD EPISODE
IN 1988-1989 TRENDING
TOWARD A WARM EPISODE
IN 1990-1991

The 1986-1987 warm episode,
described in the last biennial
review, was followed by one of the
strongest cold episodes in the last
50 years. Cooling was observed
throughout the tropical tropo-
sphere during 1988-1989; mid-
latitude westerlies in both hemi-
spheres shifted poleward of their
normal positions. Many anoma-
lous features in the patterns of
tropical  precipitation  (good
Southeast Asia and Australia mon-
soons) and extratropical tempera-
ture (above normal temperatures
throughout the northern mid-
latitudes) seem to be associated
with the evolution of the tropical
Pacific cold episode.

Anomalous cooling of the sea
surface temperatures in the

equatorial central and eastern
Pacific and of the overlying tropo-
sphere occurred during 1988. The
peak intensity of the tropical
Pacific cold episode, as measured
by the Southern Oscillation Index
(Figure 2.1) and equatorial central
Pacific sea surface temperature
anomalies (Figure 2.2), occurred
during the Northern Hemisphere
autumn of 1988 and winter of
1988-1989. Accompanying the
decrease in equatorial Pacific sea
surface temperatures, convective
activity became anomalously
weak. Substantial cooling of the
global tropical troposphere was
observed and had a significant
impact on atmospheric circula-
tion features in the mid-latitudes
of both hemispheres (Figure 2.3).
This cooling began in the tropical
east Pacific and gradually spread
throughout the tropics reaching
peak intensity in early 1989 (Fig-
ure 2.4). By late 1988 and early
1989, zonally averaged tropical

SOUTHERN OSCILLATION INDEX
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Figure 2.1 - Time series of monthly values of the Southern Oscillation Index (SOI), i.e., the difference between the sea-level pres-
sure anomalies at Tahiti and Darwin (Tahiti-Darwin), standardized with respect to the mean annual standard deviation. The solid
line shows the five-month running mean (from NOAA, Climate Analysis Center, Washington, DC).

GLOBAL ATMOSPHERIC AND

OCEANIC CIRCULATION ANOMALIES
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Figure 2.2 - Anomalous sea surface tem-
perature for December 1988 to February
1989 (from NOAA, Climate Analysis
Center, Washington, DC).
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Figure 2.3 - Time-latitude section of
anomalous, zonally averaged 500-hPa
virtual temperature (from NOAA, Climate
Analysis Center, Washington, DC).



mid-tropospheric ~ temperatures
had dropped about 2°C from values
observed during the 1986-1987
warm episode and were anoma-
lously cold from 30°N to 30°S. At
the same time, the extratropical
mid- and upper-tropospheric west-
erlies weakened in both hemi-
spheres and the main axes of the
westerlies shifted poleward. Con-

sistent with the poleward contrac-
tion of the jet streams in both
hemispheres, warmer than normal
conditions were observed at many
mid-latitude locations. These fea-
tures, particularly strong in the
Northern Hemisphere, prevailed
during the northern winters and
springs from late 1988 through
1990. Similar features were also

evident in the Southern Hemi-
sphere, although with less seasonal
variations.

By late 1989, sea surface temper-
ature anomalies in the central and
western equatorial Pacific were
once again positive (Figure 2.5),
and it appeared that a warm episode
was about to develop. Enhanced
convection was observed in this

11
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Figure 2.4 - Anomalies of 500-hPa vir-
tual temperature for December 1988
-February 1989, computed with respect
to the October 1978-September 1985
base period (from NOAA, Climate Anal-
ysis Center, Washington, DC). 2
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Figure 2.6 - Time-longitude section of the mean monthly sea surface temperature for the latitude band 5°N-5°$ (from NOAA, Cli-

mate Analysis Center, Washington, DC).

region from December 1989 to
February 1990. The Southern
Oscillation Index (SOI) featured a
large month-to-month variability
during late 1989 to early 1990
(Figure 2.1), but by April 1990 the
atmospheric circulation returned
to near normal and signs of a
developing warm episode had dis-
appeared.

From December 1988 to July
1991, the sea surface temperatures
in the central equatorial Pacific
slowly warmed (Figure 2.6). The
28°C isotherm, considered the
threshold for the formation of deep
tropical convection, gradually shif-
ted eastward as the area of water
with greater values of SST
increased. The region of warmest
water also shifted eastward. During
the 1986-1987 warm episode, the
eastward shift of the warmest water
to a region along the equator near
the date-line appears to have been
important in establishing persistent
enhanced convection well to the
east of the influences of the mari-

time continent. The lack of develop-
ment of persistent, enhanced equa-
torial convection in early 1990 was
probably related to both the magni-
tude of the SST anomalies in the
region (only about +0.5°C) and to
the lack of a clear separation
between the warmest water and the
islands of the extreme western equa-
torial Pacific.

The anomalous depth of the 20°C
isotherm in the equatorial Pacific
Ocean (Figure 2.7), an indicator of
the anomalous depth of the oceanic
thermocline, had an interesting pat-
tern during the last five years. Depth
anomalies were positive before the
1986-1987 warm episode and nega-
tive before and during the early
stages of the 1988-1989 cold epi-
sode. From early 1989 until
mid-1991, except for a brief period
in early 1990, depth anomalies have
been positive throughout the equa-
torial Pacific. Positive depth anoma-
lies are consistent with increased
heat content in the upper ocean, a
characteristic expected before warm

episodes. By mid-1991, oceanic and
atmospheric indices were consistent
in indicating a developing warm epi-
sode.

v

PERSISTENT ANOMALOUS
MID- AND UPPER-
TROPOSPHERIC RIDGES
DOMINATE THE MID-
LATITUDES OF BOTH
HEMISPHERES

The strong cooling of the tropical
troposphere during the 1988-1989
tropical Pacific cold episode was
accompanied by an anomalous
warming of the mid-latitude tropo-
sphere and a poleward shift of the
westerlies in both hemispheres. This
pattern is consistent with the zon-
ally averaged 500-hPa temperature
anomalies shown in Figure 2.3,
which shows mid-latitude (high-
latitude) positive (negative) anoma-
lies during the northern winters of
1988-1989 and 1989-1990.

13
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Figure 2.7 - Anomalous depth of the 20°C
isotherm along the equator in the Pacific
Ocean, September 1986 - September

SEFSe pm """"' 0 ] 1991. The contour interval is 10 m with
pEcss I— — - l— - —| negative anomalies less than -10 m darker
= s | 0 ] and positive anomalies greater than 10 m
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A zonal index, computed as the
difference in zonally averaged sea-
level pressure between 35 and
65°N, indicates that the northern
winters of  1988-1989 and
1989-1990 had the strongest north-
south pressure gradient this cen-
tury for the latitude band centred
on 50°N. A series of exceptionally
intense  extratropical  cyclones
developed in the North Atlantic
during these Northern Hemisphere
winter seasons, resulting in a heavy
loss of life and property in northern
Europe. A European zonal index
computed for the longitude band
20°W-40°E for February is shown
in Figure 2.9. This figure shows
that 1989 and 1990 had the stron-
gdest pressure gradients, with depar-
tures greater than two standard
deviations from normal. The most
violent storms affecting northern
Europe were experienced during
these months. In contrast, Febru-
ary 1991 featured a weaker than
normal gradient and a dearth of
strong storms.

NORTHERN HEMISPHERE
WINTER BLOCKING —
STRONGER AND LONGER

Pronounced atmospheric blocking
is one of the main reasons for large
weather anomalies that persist
from a week to a season. The block-
ing indices presented in Figure 2.10
characterize duration (TD) and
intensity (TI) of blocking ridges for
each season. Blocking ridges were
stronger and longer lasting during
the northern winters 1988-1989
and 1990-1991, and tended to
occur at their normal climatologi-
cal longitudes.

In the northern  winter
1988-1989, maximum blocking

indices were well above normal
over three regions: Western
Europe (TD reached 30 days above
normal), Eastern Siberia (21 days)
and Western Canada (18 days). In
the northern spring of 1989,
blocking systems lasted longer,
were more intense than usual and
were displaced east of their clima-
tological positions in the Euro-
pean sector. The Atlantic-
European blocking area was
displaced into eastern Europe-
Siberia, where durations reached
58 days, i.e., 31 days above normal.

Winter 1990-1991 was marked
by high blocking activity over
most of the Northern Hemi-
sphere, being greatest in two

Figure 2.9 - February (1970-1991) zonal index for Europe (20°W - 40°E) computed as the difference
in zonally averaged sea-level pressure between 35 and 65°N (from Deutscher Wetterdienst -

Seewetteramt).
v

regions: the eastern Atlantic to the
Urals (TD anomaly reached 27
days), and the Pacific Ocean to
northeast of North America (up to
31 days above normal). In the first
region, two periods of uninter-
rupted blocking were observed:
one started in October over the
eastern Atlantic and reached the
Urals by December, before weak-
ening. The other started in the
second half of January and lasted
to the end of winter. Over North
America the blocking ridge began
at the end of December in the
west, spreading by the middle of
January over the entire northern
Pacific Ocean. During the second
half of January, this ridge moved

DEVIATIONS FROM AVERAGE ZONAL INDEX
o

-3|JIII|II
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1980 1985 1990
YEAR

15



16

Figure 2.10 - Northern Hemisphere blocking indices: total seasonal duration in days
(TD) and total seasonal intensity in decametres (Tl) at 60°N latitude as a function of
longitude. Blocking is defined as a positive 500-hPa geopotential height deviation
from the latitudinal mean value for seven or more days. TD values are shown by a
downward dashed line; Tl, by an upward solid line across every 10° of longitude. The
30-year mean (1951-80) is shown by a solid curve (from Institute for Global Climate
and Ecology, Moscow).
v
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eastward and then moved west-
ward at the end of February.

The northern spring of 1990 had
less than normal blocking in the
European sector and more than
normal blocking in the eastern
North Pacific. In spring 1991, three
strong blocking areas persisted over

SPRING
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LONGITUDE

Great Britain (up to 15 days above
normal), the Urals-Western Siberia
(up to 18 days above normal) and
northwest of North America (up to
13 days above normal). In
February-March a broad blocking
ridge was located over Europe,
before migrating west. Blocking

1991

WINTER
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[l ~BOVE THE MEAN 1951-80
B scL0W THE MEAN 1951-80

developed in the last half of April
over Great Britain, the Urals and
North America. The Pacific Ocean-
North America blocking ridge per-
sisted during the spring with differ-
ent duration breaks (1-3 weeks),
while migrating from the central
Pacific Ocean to North America.
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Although the thermometer was
invented a few centuries ago, only
since the mid-to-late nineteenth
century have measurements been
extensive enough to allow esti-
mates of average global and hemi-
spheric temperatures to be made.
An excellent review of various
temperature datasets was pro-
duced by the Intergovernmental
Panel on Climate Change (IPCC).
The dataset used to construct the
time series shown in this issue of
The Global Climate System is not
simply an average of all available
data. Considerable care has been
taken to ensure that the constitu-
ent data, both from the land and
marine areas, are homogeneous.

The time series for the North-
ern Hemisphere, which includes
1991 (Figure 3.1), shows an
increase in temperature since the
middle of the last century on the
order of 0.5°C. The rise is not
gradual, however, being princi-
pally concentrated in two major
periods — first from about 1920
to 1940. After 1940 there was a
slight cooling mainly during the
1960s and early 1970s. The
warmth of recent years is readily
apparent in the long hemispheric
time series. The second period, a
more rapid, but shorter warming,
began in 1976 culminating in the
warmest year of the entire record
in 1990. The 1980s are the warm-
est decade although only slightly

05" “ N NORTHERN HEMISPHERE |
— 0.5
°C
L, 1 0.0
N .
[l SOUTHERN HEMISPHERE 05
e Rk oy i
05" | GLOBAL
| i | L 1 — 1
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YEAR

A Figure 3.1 - Annual temperature anomalies for the land and marine regions of

both hemispheres and their average, i.e., the global series. Data are expressed as
departures from the 1950-1979 values. The smooth line in these and subsequent
plots depicts variations on decadal and longer time-scales (from Climatic Research
Unit of the University of East Anglia and the U.K. Meteorological Office).

warmer than the 1940s. The four
warmest years in the Northern
Hemisphere are, in descending
order 1990, 1991, 1988 and 1981.

The Southern Hemisphere time
series shows more of a gradual
warming since about 1930. The
warming was greatest, however,
during the 1930s and since the
mid-1970s. Unlike the Northern
Hemisphere there is no evidence of
a cooling between the two warm-
ing periods. Thus the 1980s are
clearly the warmest decade and
every year between 1983 and 1991
has been warmer than 1973, the
previous warmest year.

The globally averaged increas-
ing temperature trend, which
reached record-high values in
1990 and 1991, was not a result of
a worldwide uniform rise in tem-
perature; rather it was an average
of regional warm and cold tem-
perature anomalies in which the
warm anomalies predominated.
The warmth of the recent decade
is most striking. The 1980s are
the warmest decade, 0.2°C
warmer than any other. The
annual value for 1990 is clearly
the warmest in the global record.
The average of 0.39°C for 1990 is
0.06°C warmer than the previous
warmest year's (1988). All seven
of the warmest years in the global
record occurred since 1980 — in
descending order: 1990, 1991,
1988, 1987, 1983, 1989 and 1981.

A 4

HEMISPHERIC SEASONAL
TEMPERATURE ANOMALIES

The warmth of 1990 is particu-
larly interesting (Figure 3.2).
Although this is the warmest year,
and many areas of the northern
land masses had large positive

IRECORD GLOBAL WARMTH CONTINUES
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Figure 3.2 - Seasonal temperature anomalies for both hemispheres, December 1989-February 1990 (on the left), and March,
April and May 1990 (on the right). All data are plotted as departures from the 1950-1979 values. Shaded areas have insufficient
data for analysis (from Climatic Research Unit of the University of East Anglia and the U.K. Meteorological Office).

v

Northern
Hemisphere

anomalies, some areas of the
northern oceans, in particular the
North Pacific and the northwestern
Atlantic, had cooler than normal
temperatures during this period.
The latter are clearly apparent in
the  December-January-February
and March-April-May series over
northeastern Canada and Green-
land. The warmth of 1990
throughout the two northern con-
tinents, Eurasia and North Amer-
ica, dominates particularly during

the northern winter and spring
seasons. The northern summer
and fall periods (not illustrated)
have smaller and more localized
temperature change patterns. In
this respect, 1990 continues the
1980s trend of greater anomalous
warmth in the first half of the year
than in the second.

Anomalies over the Southern
Hemisphere  generally  have
smaller magnitudes but are
almost always positive, thus the

extent of the warmth is more
hemispheric.

REGIONAL ANNUAL
TEMPERATURE SERIES

The dramatic rising trend of glob-
ally averaged surface temperatures
during the 1980s and early 1990s is
not always evident or pronounced
in the long time series of annually
averaged temperatures for selected




regions or countries. Typically,
large anomalies of both signs occur
during the last few years; however,
regional anomalies can become
very strong.

Contiguous United States

Data from about 600 high quality
stations in the United States Histor-
ical Climate Network (HCN) were
averaged to determine a national
temperature value for the contigu-
ous United States. Annual tempera-
tures (Fig. 3.3.1) for 1900-1990
show four general long-term

UNCERTAINTIES IN DETECTING
THE GREENHOUSE EFFECT

The world has warmed by 0.5°C since the late nineteenth century. Can we relate all or part of this warm-
ing to the greenhouse effect of increasing trace gas concentrations in the atmosphere? The issue is, how-
ever, not as black and white as this question implies, nor as detailed or explained as in the IPCC report.
In short, the answer to the question must be that we just don’t know. Modelling results indicate the aver-
age temperature of the Earth should rise by 1.5-4.5°C if the equivalent concentration of greenhouse gases
were doubled. Concentrations have risen by 40%, and as we expect the climate response to lag the
greenhouse forcing because of the thermal inertia of the ocean, the warming of 0.5°C agrees with expec-
tations. This agreement does not allow us to claim that we can relate the effect (the temperature rise) to
the cause (trace gas buildup). Several factors run counter to conventional model-related wisdom. Much
of the 0.5°C warming occurred before 1940 yet greenhouse concentrations have risen dramatically since
the 1950s. The warming that has occurred has generally been more pronounced in middle and low lat-
itudes, whereas models suggest an increase in polar latitudes. In short, more research and longer data
series will be needed to resolve these issues.

regimes (as shown more clearly by
the darker smooth curve): a cool
regime from about 1900 to 1930; a
warm period from about 1930 to
1959; another relatively cool period
from about 1960 to the late 1970s;
and another warm period begin-
ning in the early 1980s, but becom-
ing very marked during the last half
of the decade.

The warmth of the last half of
the 1980s is comparable overall to
that of the warmest decade: the
1930s. Unusual warmth through-
out most of 1990 made it the
fourth warmest year out of 91,

and 1989 averaged slightly cooler
than normal (ranking as 52
warmest, or 40™ coolest).

India

The annual temperature anoma-
lies for India (Figure 3.3.2) are
based on data from 73 stations for
1900-1990. From 1900 to 1940
negative anomalies predominated
whereas from 1941 to 1970 posi-
tive anomalies prevailed. After-
wards mixed trends were noted
with a negative anomaly in 1990.

-

FREE ATMOSPHERE TEMPERATURE VARIATIONS

Changes in the temperature of the troposphere and stratosphere have been estimated since the late
1950s using data from the global radiosonde network. Angell (1988) estimated temperatures in the
layers, 850-300 hPa (lower troposphere) and 100-30 hPa (stratosphere), and at various levels. The
stratospheric temperatures show a cooling in recent years, much of which may be due to the dra-
matic cooling over Antarctica as a result of ozone depletion. The lower atmosphere data shows most
of the features of the surface-based record. The agreement with the surface is, however, not perfect,
nor should it be. The two sets of observations are different measurements of the state of the climate
system. The link between the surface and the lower atmosphere breaks down when inversions form
at high latitudes, during winters when the anomalous warmth at the surface appears confined to
lower levels and over some tropical oceans, such as in 1981, 1983 and especially March 1990.
Recent estimates of lower tropospheric temperatures have been made with the microwave sound-
ing units (MSU) on board NOAA polar-orbiting satellites (Spencer and Christy, 1990). Time series of
monthly temperature estimates are available since 1979. Agreement between these satellite-derived
data and the radiosonde data is excellent (r=0.90 for hemispheric averages over the 12 years
1979-1990). Agreement is poorer with the surface data, and correlations are similar to those between
the surface and radiosonde data (r= 0.80 for 1958-1990). The somewhat poorer agreement means
that recent warm year extremes at the surface are not always extremes in the lower troposphere. For
example, 1990 was the warmest at the surface, yet only the fourth warmest in the 12 years of MSU
data. Many of the discrepancies relate to the decoupling of the surface and the upper atmosphere,
so that only broad agreements should be expected.
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Figure 3.3 - Annual mean temperature anomaly series. Unless otherwise stated the anomalies are based on the 1950-1979 ref-
erence period and the time series is from the Climatic Research Unit of the University of East Anglia and the U.K. Meteorological
Office.

Figure 3.3.1 - Annual mean temperature anomaly series for the United States. Based on about 600 high quality climate stations
across the contiguous United States for 1900-1990. Departure from the 1951-1980 normal (from NOAA, National Climatic Data
Center, Asheville, NC).

Figure 3.3.2 - India (from V. Thapliyal, India Meteorological Department).

Figure 3.3.3 - Greenland and northeastern Canada, including adjacent sea areas.
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Figure 3.3.4 - Annual mean temperature anomaly series for the former territory of the USSR, 1891-1990, computed using the
reference period 1951-1980; 11-year running mean (from Institute for Global Climate and Ecology, Moscow).

Figure 3.3.5 - Japan.

Figure 3.3.6 - Eastern Australia (from Bureau of Meteorology, National Climate Centre, Melbourne, Australia).

Figure 3.3.7 - Fennoscandia.

Figure 3.3.8 - Temperate regions of South America (20-50°S, 50-70°W), including adjacent sea areas.

Figure 3.3.9 - Southern Hemisphere middle latitudes (40-60°S), including land area in southern South America.

Figure 3.3.10 - Antarctica (south of 65°S). Data are expressed as anomalies from the 1951-1975 reference values.

Figure 3.3.11 - West Africa, including adjacent sea areas.
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Annual Temperature
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Figure 3.4 - Average temperature anomalies during
March, 1990 compared with prevailing temperatures
during the 1950-1979 reference period. Shaded areas
in the Southern Hemisphere have inadequate cover-
age (from Climatic Research Unit of the University of
East Anglia and the U.K. Meteorological Office).

Greenland and
Eastern Canada

Colder than normal temperatures
over northeastern Canada and
Greenland during the 1980s con-
trasts with the higher than nor-
mal values around the Earth gen-
erally (Figure 3.3.3). This region
has been cooling since 1940.
Anomalies indicate that most of
Canada west and south of Hudson
Bay was nearly 1°C warmer than
the long-term average during the
1980s, whereas the northeast,
including most of Baffin Island,
the Ungava region of Quebec,
Newfoundland and Labrador, was
correspondingly cooler.

The 1980s began with relatively
mild conditions becoming cooler
than normal by 1982. Warm tem-
peratures appeared in 1985, last-
ing until the end of 1987, when
an intense cold regime returned,
along with increased ice cover.
Generally, cold months are asso-
ciated with negative 100-50 kPa
height anomalies over Baffin Bay,
when cold air from the northwest
is drawn southward. This in effect
dislodges ice from the polar pack
south and east into the Labrador
Current through Davis Strait and
into the Labrador Sea.

Territory of the
Former Soviet Union

This territory gradually warmed
with considerable year-to-year
variability after 1895 (Fig-

ure 3.3.4). Although 1987 is the
fourth coldest year on record,
1990 and 1991 are the first and
second warmest. Much of the rec-
ord warmth in 1990 resulted from
a spectacular February and March
warming when positive tempera-
ture anomalies ranged from 5°C
over Europe to above 10°C over
central Siberia.

Japan, Australia,
Fennoscandia, South America,
Southern Hemisphere
Mid-latitudes, Antarctica

and West Africa

Regional temperature series are
presented for seven regions: Japan,
eastern Australia, Fennoscandia,
temperate South America, mid-
latitudes in the Southern Hemi-
sphere, Antarctica and West
Africa. Their definitions are given
in Table 3.1. The time series for
Fennoscandia, temperate South
America and mid-latitudes of the
Southern Hemisphere include
marine and land-based observa-
tions.

All regions show a gradual
warming during the twentieth
century, but masked by consider-
able year-to-year variability par-
ticularly over Fennoscandia,
Japan, eastern Australia and Ant-
arctica. The warming is clearer,
and more significant, over tem-
perate South America and mid-
latitudes of the Southern Hemi-
sphere where the year-to-year
variability is smaller. In most




Table 3.1 - Regional Definitions for Temperature Series
Figure Region Definition
331 Contiguous U.S.A. 48 states
3.3.2 India within national boundaries
333 Greenland/N.E. Canada 60-80°N, 30-80°W
334 Territory of the former USSR within former boundaries
335 Japan 23 sites
3.3.6 Eastern Australia Queensland, Victoria and New
South Wales
337 Fennoscandia 60-70°N, 20-30°E
3.3.8 Temperate South America 20-50°S, 50-70°W
3.39 Southern Hemisphere middle 40-60°S, all longitudes
latitudes
3.3.10 | Antarctica South of 65°S
3.3.11 | West Africa 5-15°N, 15°W-15°E

regions the 1980s was the warm-
est decade. In eastern Australia
the warmest year was 1988.

4

WINTER WARMING IN
NORTH CHINA

Significant warming enveloped
most of China during three recent
winters (1988-1990), with an aver-
age monthly temperature anomaly
of greater than +2°C (relative to 35
past winters: 1951-1985). The
number of abnormally warm winter
months was also high. The warmth
was most pronounced in north
China (north of 35°N), with a max-
imum temperature of +5°C over
northern Heilongjiang and Inner
Mongolia. However, some places in
south China (south of 35°N) had a
weak negative temperature anom-
aly (Figure 3.5).

Most winter warming years in
north China appeared only within
a year after EI Nifo. This relation-
ship, however, broke down after
the 1988 winter, since the signifi-
cant winter warming years
occurred during the negative

phase of the Southern Oscillation
(even during the cold episode
years of 1988-1989).

The winter warming has gener-
ally meant a later first frost in
autumn and an earlier last frost in
spring. The cumulative tempera-
tures above 0°C caused an increase
of 100-300 degree-days, and chilly
or frosty days were reduced mark-
edly. The depth of frozen soil also
tended to diminish.

Such winter warmings have
complex effects for all components
of the economy and for society,
favouring an overall reduction in
energy costs, and helping the win-
ter crop growth. The date for cessa-
tion of winter wheat growth in
north China was postponed by 15
days, and the date for sprouting
after winter was advanced by about
ten days. Wheat seedling growth
during winter was good, with

Figure 3.5 - Distribution of average seasonal temperature anomalies (°C) in China
for three recent winters (1988-1990); the normal period is based on the average of
35 winters, 1951-1985 (from Jiangsu Meteorological Institute, Nanjing, China).
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Figure 3.6 - Mean annual temperatures
(°C) at Faraday and Marguerite Bay,
Antarctica (see Morrison, 1990).
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reductions in freeze damage and
dead seedlings, both favouring
greater production. However, warm
and dry winters also tend to raise
the probability of fire in cities and
forests, and encourage the growth
of micro-organisms that may lead
to disease.
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The high spatial variability of pre-
cipitation makes it difficult to con-
struct meaningful averages for
large areas. A dense observing net-
work is needed to obtain an ade-
quate sample of precipitation mea-
surements in order to minimize the
effects of extreme variability. Pre-
cipitation averages for global, hemi-
spheric, or even regional or
national areas, could be dominated
by very high or very low precipita-
tion amounts from a small cluster
of stations.

For many years, studies of large-
scale changes in precipitation have
been hindered by the lack of a data-
base that is geographically and tem-
porally extensive. For example, pre-
cipitation was being measured
globally at more than 20,000 sta-
tions in 1900, and at more than
40,000 meteorological stations and
140,000 precipitation-only stations
in 1990. However, only about 5% of
the data are in digital form and
thus available for climatological
research. The oceanic areas are very
poorly represented.

Precipitation  measurements
also suffer from instrumentation

Figure 4.1* Annual  (January-
December) global precipitation index
for 1882-1990. Precipitation departures
are based on the reference period
1951-1970 (from NOAA, Environmental
Research Laboratories, Climate
Research Division, Boulder, CO).

>

inhomogeneities and biases. Sel-
dom are the data corrected to
account for such gauge-induced
biases as systematic errors caused
by wind, wetting on the interior
walls of the gauge and evapora-
tion from the gauge.

PRECIPITATION PATTERNS
FOR 1989 AND 1990

Annual precipitation for the review
period showed a typically large spa-
tial variability. Notable patterns
include the persistently below nor-
mal conditions during 1989 and
1990 in north-central Canada,
western United States, western
Africa, north-central Australia, the
Pacific coast of South America,
most of northern and southern
Africa — including major areas of
the Sudan-Sahel belt — and por-
tions of the Mediterranean and
Caribbean. Annual precipitation
was above normal during both
years in north-central South Amer-
ica, eastern North America, eastern
Europe, as well as southern, cen-
tral and eastern monsoon Asia. A
notable change from wet to dry (or

dry to wet) from 1989 to 1990
occurred in the Nordeste region of
Brazil, and the Iberian peninsula/
northwestern coastal Africa area.

A 4

GLOBAL AND REGIONAL
PRECIPITATION TRENDS

Only in the last few years have
sufficiently large datasets been
assembled that allow a reasonable
description of global precipitation
trends. One such land precipita-
tion dataset is shown in Figure
4.1 for 1882 to 1990. Data are
taken from as many as 5000 sta-
tions for the period up to 1989;
and for about 1000 stations for
the vyear 1990. Precipitation
departures are based on the refer-
ence normal period 1951-1970.
Globally, 1989 averaged slightly
wetter than normal and 1990
slightly drier than normal. It is
noteworthy that precipitation val-
ues tend to be above or below the
mean for extended periods of
time. In general, land-area precip-
itation averaged below normal
from about 1900 to 1950 and
above normal from 1950 to 1980.

GLOBAL PRECIPITATION INDEX

ANNUAL (JAN-DEC), 1882-1990
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Figure 4.2* - Annual (January-December) national precipitation
trend for the contiguous United States for 1895-1990 (from NOAA,

National Climatic Data Center, Asheville, NC).
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Figure 4.5* - Standardized regional February-May
precipitation values for the Nordeste region of Bra-
zil, 1893-1991. The region is defined as the zone
bounded by 0°-12°S latitudes and 30-44°W longi-
tudes (from Climatic Research Unit of the University
of East Anglia, Norwich, United Kingdom).

Figure 4.6* - Caribbean precipitation index for the
wet season, May-October (which includes the hurri-
cane season), 1901-1990. Data for eight Caribbean
stations (from southern Florida to Trinidad) were
used in the analysis (from NOAA, National Climatic
Data Center, Asheville, NC). >
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Figure 4.3 - National annual precipitation anomalies for the
* PRECIPITATION INDEX FOR THE TERRITORY territory of the former Soviet Union, calculated from the
’ OF THE FORMER SOVIET UNION 1921-1960 period average (from the State Hydrological In-
ANNUAL (JAN-DEC), 1891-1990 stitute, Leningrad).
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[ Figure 4.7 - National annual rainfall anomalies over India,
' E 80 - 1880-1990 (from India Meteorological Department, New
\ & | Delhi, India).
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(SEPTEMBER - NOVEMBER SEASON) Figure 4.4* - Regional annual precipitation anomalies for the

African Sahel for 1896-1991. Each yearly value is the average
of the available station values standardized using the mean
(1951-1980) rainfall (from Climatic Research Unit of the Uni-
versity of East Anglia, Norwich, United Kingdom).

PERCENTAGE RAINFALL ANOMALY

Figure 4.8 - Regional rainfall anomalies for the September-

’ : , November rainy season for coastal Kenya, 1935-1990 (from Uni-

1940 1950 1960 1970 1980 1990 versity of Nairobi, Department of Meteorology, Nairobi, Kenya).
YEAR <

* The vertical bar depicts the difference between the annual and normal precipitation totals divided by the standard deviation; the smooth curve is a nine-point binomial filter designed to
highlight decadal-scale variations.
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The 1970s, an unusually wet dec-
ade, was followed by a return to

drier conditions during the
mid-1980s. The overall increasing
trend in annual precipitation is
reflected in the seasonal data (not
shown) for the equinoctial sea-
sons (March-May and September-
November); and for the northern
winter season (December-
February) of the last 40 years;
however, the June-August period
exhibits little overall trend.

Diaz et al. (1989) suggested
that most of the observed rainfall

-50% 0 50

100 200 300%

Figure 4.9 - Percentage departure (relative to the 1951-1985 normal) of the total
monthly January precipitation in China for 1989-1991 (from Jiangsu Meteorological

Institute, Nanjing, China).

trends in global precipitation
could be explained by an observed
increase in tropical sea surface
temperature and the resulting
higher evaporation. Precipitation
in tropical land areas is strongly
controlled by the phases of ENSO,
being generally lower during
warm events and higher during
the cold ones. Years clearly fitting
this pattern are the dry years dur-
ing the 1982-1983 and 1940
warm ENSO events, and the wet
years during the 1974-1975 and
1954-1956 cold ENSO events.
Annual precipitation indices for
the United States and the terri-
tory of the former Soviet Union
are shown in Figures 4.2 and 4.3,
respectively. Both countries had
wetter than normal conditions in
1990. In 1989, the United States
was drier than normal whereas

the then Soviet Union was near
normal. Time series for both
countries show several pro-
nounced wet and dry periods. For
the United States, the 1930s and
1950s stand out as very dry,
whereas the 1940s, 1970s, and
1980s were predominantly wet.
The territory of the former Soviet
Union experienced a pronounced
increase in precipitation from the
1890s to about 1960. The late
1940s to mid-1960s was the wet-
test period, followed by two peri-
ods of pronounced dryness
nationwide, the mid-1970s and
mid-1980s.

Rainfall variations over the
African Sahel in recent years con-
tinued the trend of deficit years
that began in the late 1960s (Fig-
ure 4.4). Since 1969 only two
years (1978 and 1988) experi-
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enced near or above normal
(1951-1980) rains. Deficits during
1989 and 1991 were about the
1971-1990 average. In the eastern
Sahel during 1989, substantial
convective  activity occurred,
especially in western Ethiopia and
southern Sudan, which received
normal to above normal rainfall
from mid-August to the end of
September. In the western Sahel,
heavy flooding occurred in Ghana
and Nigeria during the last week
of August because of extremely
heavy rains. In contrast, 1990 was
an exceptionally severe drought
year, being exceeded only by 1984
and 1913. During 1990, rainfall
deficits occurred throughout the
entire region, but were particu-
larly severe in the Sudan.

The Nordeste region of Brazil, in
contrast to the African Sahel, shows
oscillatory patterns of dry and wet
February-to-May periods over the
last 30 years (Figure 4.5). Recent
droughts have not had the dura-
tions nor the intensities of those in
the 1900s, the late 1920s-early
1930s, the early 1940s, and the
1950s. The last few years, however,
have had a shift to drier conditions.
Compared with the exceptionally
wet years of 1985 and 1986, the last
two years, 1990 and 1991, have
been relatively dry.

Hurricane season precipitation in
the Caribbean averaged below nor-
mal during 1989 and 1990 (Figure
4.6). Prolonged dry periods
occurred in the early 1910s, late
1930s to early 1940s, and most of

the 1970s. With the exception of
1988 (which was unusually wet),
the 1980s was generally near or
below normal.

Prolonged wet and dry periods
can be seen in the annual precip-
itation time series for India (Fig-
ure 4.7). Rainfall was predomi-
nately below normal from the
mid-1890s to the mid-1910s and
from the 1960s to 1980s, but was
generally near to above normal
from the 1930s to early 1960s.
Both 1989 and 1990 averaged
above normal.

Rainfall over coastal Kenya
shows no discernible trend in
September-November over the
past 50 years (Figure 4.8), but as
in India, averaged above normal
in both 1989 and 1990.



Figure 5.1 - Areas where precipitation anomalies
were estimated to be within the driest 10% of clima-
tological occurrences, January to December, 1989
and 1990 (from NOAA, Climatic Analysis Center,

Washington DC). v
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Drought is a natural disaster of
immense consequences, being dis-
ruptive of the economy, society and
the environment. At any given
time drought can occur some-
where in the world. Its start cannot
always be readily identified and, in
most cases, neither can its termi-
nation. Drought may occur over a
wide range of time-scales from a
season to years to decades.
Droughts are the direct cause
of famine, which can kill hun-
dreds of thousands of people and
disrupt the society and livelihood
of millions of the most vulnerable
of the world’s inhabitants. For
example, the prolonged Sahel
drought of the 1970s and early
1980s killed many people, dis-
placed more and disrupted the
lives of millions, and the more
recent droughts in the Mediterra-

nean and in California (USA) have
been calamitous for many.

The causes of droughts are
many, complex, and still not fully
explained. Some possible physi-
cal, causal mechanisms include

El Nino/Southern Oscillation
(ENSO) events; abnormal sea sur-
face temperature patterns; soil-
moisture desiccation; and non-
linear behaviour of the climate
system. The disasters caused by
droughts are also strongly
affected by such diverse factors as
agricultural practices, changes in
population density, and the coun-
try’s ability to provide alternative

supplies of food, water and
employment.

During the review period,
severe regional droughts
occurred in North and South
America, the Mediterranean

Basin, the Sahel, southern and
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eastern Africa, eastern Asia, and
Australia (Figure 5.1). Apart from
drought in the Sudan in 1990,
droughts were generally not as
severe or extensive, compared
with those of the last review
period especially during 1988,

V

MAJOR DROUGHTS IN THE
AMERICAS

Weather in the fall of 1988 across
the Canadian Prairies did little to
dispel fears of the threat of a sec-
ond consecutive drought year.
The region was generally dry with
little soil moisture recharge.
However, because of a series of
major snowfalls in January 1989,
an above normal snowpack cov-
ered southern agricultural areas
by the end of the 1988-1989 win-
ter. Concern switched from

DROUGHT - LESS SEVERE AND
LESS EXTENSIVE THAN IN 1988
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drought to possible spring flood-
ing, mainly along the Red River
and its tributaries. In contrast,
signs of drought were evident
across the northern farming
zone. Blowing dust occurred dur-
ing the time of the year when
blowing snow is expected. Spring
1989 was dry across the Prairies
and local flooding was averted.
Fears of drought resurfaced but
were lessened when heavy rains
soaked western areas in May and

ture recharge into the 1991 grow-
ing season.

Although a major drought
afflicted a considerable portion of
the contiguous United States dur-
ing the review period, no evidence
supports the notion that the fre-
quency, areal extent, or severity of
droughts in this region is increas-
ing. Karl and Heim (1990) showed
that drought conditions increased
in frequency and severity from 1895
to the mid-1930s (the decade of the
“Dust Bowl”) and
decreased thereafter.

The precipita-

tion pattern in the
United States was
highly variable dur-
ing the review
period, both spa-
tially and tempo-
rally.  Unusually
heavy precipitation

1895 1905 1915 1925 1935 1945 1955 1965 1975 1985 fell duri‘?g some

YEAR months in areas

that had experi-

A enced precipitation

Figure 5.2 - Statewide average October-March precipitation for Cali- shortfalls in the
fornia (USA) from 1895-1896 to 1990-1991 (from NOAA, National nth f

Climatic Data Center, Asheville, NC). months before,

whereas other

more eastern areas in June. How-
ever, potential bumper crops
withered to average yields in a dry
midsummer heat wave,

Fall and winter (1989-1990)
were dry with little soil moisture
recharge. However, timely, above
normal rainfalls in late spring and
early summer resulted in near-
record prairie grain yields in
1990. The latter part of the sum-
mer and the fall turned dry. At
many sites the July-to-October
precipitation ranked in the lower
10 percentile. As in the previous
year, precipitation during the
1990-1991 winter was below nor-
mal and provided little soil mois-

areas that had been wet fre-
quently found themselves in the
midst of severe short-term dry
spells. The United States recov-
ered only partially from the
drought of 1988. Unusually dry
conditions occurred in many
areas during the following winter
(December 1988-February 1989),
especially in the central plains
states. Sections of the central
Great Plains experienced record
or near-record dryness during the
October 1988 to April 1989 winter
wheat-growing season, resulting
in reduced crop yields. By April
1989, the dry conditions in the
northeastern states prompted

local water use restrictions. By
the end of 1989, southeast Florida
was experiencing the most
extreme drought on record —
part of a basin-wide dry spell
occurring across much of the
Caribbean.

Subnormal precipitation per-
sisted throughout the review
period across a region extending
from the west coast to the north
central states. Conditions became
especially severe in California,
where rainy season (October-
March) precipitation was much
below normal for the last five con-
secutive years (1986-1987 to
1990-1991). The drought was com-
parable in severity with the record
drought from 1928 to 1934 (Fig-
ure 5.2), although the population
of California then was 6 million
compared with 30 million today.
The cumulative effects of the Cali-
fornia drought include the follow-
ing: reservoir reserves were drawn
down to extremely low levels; some
fisheries populations were brought
to the verge of extinction; ground-
water reserves were severely
depleted in many agricultural
regions; hydroelectric power gen-
eration was greatly reduced;
income from recreation and tour-
ism was reduced; and residential
water was widely conserved. March
1991 rains, more than 300% of
normal, provided some short-term
relief. However, it was not enough
to end the drought, especially for
those along the hard-hit central
coast region from Santa Barbara to
San Francisco.

Nationally, severe drought per-
sisted across 18% or more of the
contiguous United States from May
1988 to February 1991 — a total of
34 months. Although the area cov-
ered was not as large as that of many



Figure 5.3 - Percentage area of the contiguous United States experiencing severe to
extreme long-term drought, as defined by the Palmer Drought Severity Index (%),
from January 1895 to September 1991. The 1988-1991 drought continued at 18% or
above for 34 months, and is surpassed only by the 1953-1957 drought, which per-
sisted at this percentage for 45 months (from NOAA, National Climatic Data Center,

Asheville, NC).
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past major droughts, the persistence
of a drought of this severity rivalled
the major twentieth century
droughts (Figure 5.3). Only one
other drought (August 1953- April
1957) was as severe for a longer
period — 45 consecutive months.
Widespread rains over much of the
afflicted area brought the areal per-
centage well below 10% by the end
of spring (May 1991).
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The Caribbean region experiences
little convective activity, especially
in the Lesser Antilles, from early
June until the middle of September
1989. A precipitation index based on
10 stations in the Caribbean region,
from Miami, Florida, to Lamentin,
Martinique, reveals that 1989 had
the driest summer in the twentieth
century, and that the last 16 sum-
mers have been generally drier than
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average (Figure 5.4). Spotty rains,
mainly confined to the Windward
Islands, fell in the middle of August
and again in early September, but
did little to alleviate the drought.
Heavy rains, however, that accom-
panied Hurricane Hugo during the
middle of September, did dispel the
dryness. Drier weather prevailed
across the region again from March
through June 1990. Scattered heavy
thunderstorms provided some relief
during July to September, but failed
to overcome the long-term precipi-
tation deficits. The drought was
aggravated by a week of extreme
heat in early September. In mid-
October, moisture from the rem-
nants of Tropical Storms Marco and
Klaus combined with a stationary
front, deluging some areas with over
500 mm of rain, but unfortunately,
missing many others.

Unusually dry weather, which
began in 1988 and continued
through much of 1989, plagued
both Uruguay and northern Argen-
tina. In northern, central and east-
ern parts of Uruguay, the accumu-
lated rainfall for 1988 and 1989 was
less than 30% of normal. In north-
ern and central Argentina, the dry-
ness was exacerbated by a series of
heat waves during the first three
months of 1989 that sent tempera-
tures close to 38°C. Corn produc-
tion was only half of the previous
year’s, resulting in the worst harvest
in 26 years. The dry weather report-
edly killed 800,000 head of cattle.

<« Figure 5.4 - Summer Caribbean pre-
cipitation index June-August 1899
-1989. The index is calculated by aver-
aging precipitation data from at least
half of 10 selected stations in the region
and standardizing the data using the
normal period 1951-1980 (from NOAA,
National  Climatic Data  Center,
Asheville, NC).
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Figure 5.5 - Percentage of normal precipitation from October 1, 1988 to July 28, 1990 (666 days) for the Mediterranean Basin
(from NOAA, Climate Analysis Center, Washington, DC).
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Figure 5.6 - Seasonal-averaged departure of the October 1989 to March 1990 500-hPa geopotential heights from the 1951-1980
mean values (decametres) (from Italian Meteorological Service).
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At the end of 1989 and the
beginning of 1990, several weeks
of soaking rains brought relief to
drought-stricken areas as the
region entered another dry, tran-
quil weather regime from April to
September.

MAJOR DROUGHTS
IN EUROPE

Normally most of the Mediterra-
nean basin receives well over half of
its yearly precipitation during the
cool season (November to April).
During the 1988-1989 winter, seri-
ous moisture deficiencies began,
when much of central and southern
Europe experienced exceptionally
dry weather. This lack of precipita-
tion continued, only occasionally
interrupted by brief periods of wet
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weather, e.g., April 1990. From
October 1988 to July 1990, most of
southern Europe and northwestern
Africa recorded approximately 75%
of normal precipitation (Figure 5.5),
generating deficits exceeding 800
mm in parts of eastern Yugoslavia,
southern France and Greece and
southwestern Turkey, resulting in
widespread hydrological drought.
The combination of long-term
dryness, sometimes coupled with
extreme heat, had adverse impacts
on agriculture; lowered or dried up
rivers, ponds and lakes; and forced
water rationing in many parts of
Europe. In Greece, the drought was
the worst in 100 years, forcing the
government to raise water prices in
an effort to lower consumption.
Wildfires scorched forest and brush
in eastern, southern and north-
western Spain, southern France,

Low water levels at Fontana Lake, North Carolina, USA

Photo Grant W. Goodge

Figure 5.7 - National average annual
precipitation departure (%) from the
1951-80 normal for Italy, 1980-1990
(from Italian Meteorological Service).
=

and portions of Italy and Greece.
Lack of rain left major rivers such
as the Loire, Rhone and Garonne at
half their normal levels. In Italy,
more than half the olive harvest
was destroyed. At eight stations in
Turkey, 1989 had the driest
January-to-April period in 39 years.

Heavy precipitation during the
second half of August 1990 allevi-
ated the dryness in Greece and
western Turkey, but only the wet
1991 April helped dissipate the dry
anomalies. The drought in north-
eastern Algeria and northern
Tunisia was snapped by heavy
rains in November 1990. Drought
was still afflicting the eastern
Mediterranean region. In Cyprus,
rainfall from October to December
1990 was only 32% of normal. In
Jordan, the drought was unprece-
dented in 70 years, prompting
water rationing in Amman and
other Jordanian cities. Precipita-
tion deficiencies in Syria, Israel
and Jordan ended in March 1991.
Long-term dry anomalies in
southern France and northwest-
ern Italy only disappeared at the
end of the 1990-1991 winter. One
of the few Mediterranean areas
that avoided the dryness was
Spain, where torrential November
and December 1989 downpours
produced severe flooding.

The severe drought in the cen-
tral Mediterranean during the
1988-1989 and 1989-1990 winters
was fostered by the persistence of

drought-favouring  anticyclonic
weather systems (Figure 5.6).
These steered rain-producing

Atlantic storm fronts far to the
north into northern Scandinavia,
inhibiting the development of
Mediterranean storms. Much of
the 1980s in Italy was marked by a
deficiency of rain (Figure 5.7);




annual precipitation averaged
about 15% below normal, equiva-
lent to a lack of one and a half
years of precipitation.

MAJOR DROUGHTS
IN AFRICA

After relatively abundant rainfalls
in 1988 and 1989, the 1990 rainy
season (June to September) in the
Sahel was disappointing, with
rainfall averaging only about 70%
of the long-term mean (Figure
5.8). The dry conditions were
aggravated by temperatures that
reached 46°C at some locations in
mid-June. Monthly temperatures

averaged 2-4°C above normal
across much of the western Sahel
throughout April, May and most of
June. Exceptionally dry weather
(less than 60% of normal rainfall)
dominated the northern, extreme
western and much of the eastern
Sahel. The most serious drought
occurred in the Sudan. Growing-
season rainfall as little as one half
of normal and unrelenting August
heat devastated crops, raising the
spectre of famine. In some north-
ern Sudan farming areas, the
drought was as severe as in 1984,
when thousands of people died.
Dryness also afflicted the marginal
growing areas of Sudan’s eastern
neighbour, Ethiopia. Eritrea’s sec-

ond consecutive summer with
below normal rainfall caused
much concern. Most areas
received 75-90% of normal rain-
fall, while several areas, including
northern  Senegal, southern
Mauritania, eastern Chad, west-
central and east-central Sudan
and northern Ethiopia, recorded
less than 50%.

Droughts occurred throughout
portions of Kenya and Tanzania,
and along the Botswana/Namibia
border from December 1989 to
February 1990. Dry weather
returned to northern parts of east
Africa  during  June-August.
Djibouti and large sections of Eth-
iopia and Sudan received below

————_

Figure 5.8 -
Percentage of
normal
precipitation
from May 1 to
September 30,
1990 (153 days)
for the African
Sahel (from
NOAA, Climate
Analysis Center,
Washington,
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Figure 5.10 - Percentage of normal pre-
cipitation from October 1, 1988 to May
27, 1989 (239 days) for portions of east-
ern Asia. Isopleths indicate 50, 75 and
100%. Yellow areas depict values less
than 50% (from NOAA, Climate Analy-
sis Center, Washington, DC). v
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normal rainfall, as did areas
around Lake Victoria. The area of
below normal precipitation shif-
ted slightly during September-
November, into northeastern
Kenya and adjacent parts of Ethio-
pia and Somalia.

The distribution of the seasonal
rains during December 1990

FORMER
USSR

-February 1991 was scanty at
many locations. Droughts devel-
oped in the southwest (along the
Angola/Zambia border and again
along the Botswana/Namibia bor-
der) and east (from the Lake Nyasa
area eastward to the coast). These
induced severe impacts on the
economy and on most of the
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Figure 5.11 - Percentage of normal pre-
cipitation from October 1, 1990 to May
31, 1991 for southeastern China (from
NOAA, Climate Analysis Center, Wash-
ington, DC).

Fujian
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water-use activities within the
region. Although near normal sea-
sonal rainfall amounts were
received at many locations during
the following season (March-May),
the seasonal distribution was poor
at most locations. Drought per-
sisted along the Angola/Zambia to
Botswana/Namibia border region
and in northern parts of Lake
Nyasa. Moisture deficits also
occurred in northeast Zimbabwe
and in and around northwestern
Kenya. Some of the droughts were
very severe. Some central and
northern Tanzania areas, for
example, had the driest April this
century during 1991. Drought
conditions continued to worsen in
this region throughout 1991.

MAJOR DROUGHTS IN ASIA

Summer aridity increased mark-
edly in the basic grain-producing
areas of the Asian territory of the
former Soviet Union during the
last 100 years. The aridity index is
the difference between the areas of
warm dry and cool wet conditions.
The index became steadily more
arid during the review period,
with 1991 experiencing the sec-
ond highest index (68%) in the
last 100 years (Figure 5.9).

The severe drought over India
earlier in the 1980s did not recur
during the review period. Of
India’s 35 rainfall subdivisions
during 1989 and 1990 only 6 and
3, respectively, had below normal
rainfall, compared with 21 during
the 1987 drought.

In Manchuria, across northern
China and in parts of the Demo-
cratic People’s Republic of Korea,
precipitation was less than 75% of
normal from October 1988 to May
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Figure 5.12 - December 1,
1989-February 27, 1990
rainfall deciles for Australia
(from Bureau of Meteorol-
ogy, National Climate Cen-
tre, Melbourne, Australia).

1989 (Figure 5.10). Much above
normal temperatures (departures
of +2 to +4°C) in the first half of
1989 aggravated the dryness. The
Chinese provinces Liaoning and
Jilin were the driest in 40 years,
where water levels in reservoirs
and on rice paddy-fields were 50%
below normal.

Widespread drought developed
across Taiwan and portions of
southeastern China from October
1990 to May 1991 since only
25-75% of normal precipitation
fell (Figure5.11). A spring heat
wave combined with low rainfalls
to impede the planting and har-
vesting of rice, grain and vegdeta-
bles. The drought also hurt indus-
try by limiting water supplies, and
electricity to factories.
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MAJOR DROUGHTS IN
AUSTRALIA

The summer rainy season for
northern Australia is strongly
influenced by the circulation sys-
tems of the equatorial Pacific.
Outgoing long-wave radiation
(OLR) anomalies over the central
equatorial Pacific became nega-
tive (indicating enhanced convec-
tion) in November 1989 for the
first time since early 1988. Strong
equatorial westerlies were

observed near and to the west of
the International Date-line, and
were associated with an eastward
migration of warm sea surface tem-
peratures and a minimum in
velocity  potential

upper-level

towards the Date-line. As a conse-
quence, the 1989-1990 southern
summer was characterized by
below average rainfall over most of
northern Australia. In fact, large
regions in the north recorded their
lowest-ever rainfall from December
1989 to February 1990 (Fig-
ure 5.12). Less than half the usual
rain fell across most of Queensland,
severely  affecting  agriculture.
Abnormally hot January tempera-
tures aggravated the abnormal dry-
ness. Heavy rains finally moved into
the area in early March 1990, end-
ing the unusually dry weather
regime. During the earlier season
(August to October 1989), less than
half the normal precipitation fell in
New South Wales and southern
Queensland.




Floods are one of the most wide-
spread and destructive of natural
disasters. Most floods are caused by
too much water arriving in too
short a time, Tropical and extra-
tropical cyclones and their frontal
systems may produce long periods
of continuous heavy rain sufficient
to cause flooding. Other causes of

Photo Grant W. Goodge

flooding include rapid snowmelt,
ice jams, wind-driven water, high
tides, and dam failures.

Storm surges accompanying
tropical cyclones, hurricanes and
typhoons into low-lying coastal
regions have caused some of the
highest natural-disaster death tolls
on record, exceeded only by some
river floods and drought-related

30w 30E BOE

famines. During 1980-1985, more
than 160 major floods around the

- world killed and injured more than

120,000 people, and destroyed the
dwellings of nearly 20 million with
causing $ 22 billion (US) damage.

During the review period sev-
eral major floods around the
world resulted from intense thun-
derstorms and tropical cyclones
(Figure 6.1). Flooding due to trop-
ical cyclones is mentioned in
Chapters 7 and 8.

MAJOR FLOODS
IN AUSTRALIA

Torrential downpours, headlined
“The Big Wet” by some Australian
newspapers, created flash flooding
in the normally dry Australian
Outback during mid-March 1989.
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Figure 6.1 - Areas where precipitation anomalies were estimated to be within the wettest 10% of climatological occurrences
(from NOAA, Climate Analysis Center, Washington, DC).
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Australia “Big Wet”

Figure 6.2 - Autumn (March-May) 1989
rainfall deciles for Australia (from
Bureau of Meteorology, National Cli-
mate Centre, Melbourne, Australia).

>

Floods turned dry creeks into
20-km wide rivers, and marooned
remote homesteads. This was the
region’s worst flooding in half a
century, and quite possibly the
rains were the heaviest since the
country was settled by Europeans
in 1788. Some stations received
nearly their entire annual rainfall
in just two days; e.g., Giles, in
western Australia recorded 226
mm of rain, 88% of the annual
normal. The excessive rains
spread across the central, south-
ern and southeastern areas.

Photo NCC, Australia
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Beginning in April, the wet
weather regime, characterized by
very heavy showers, was concen-
trated in the eastern quarter of the
continent, then later along the
southeastern coast. The “Big Wet”
diminished by late June and early
July.

The flooding rains during the
southern autumns of 1989 and
1990 were associated with the
Southern Oscillation. Peaks in the
active phase of the 30- to 60-day
Southern Oscillation occurred
over northern Australia during late

- November 1988, late January 1989,

mid-March 1989 and mid-April
1989. The latter two were associa-
ted with- cut-off lows over south-
eastern Australia. The interaction
between the extratropical and trop-
ical systems contributed to wide-
spread rains over interior and
northern Australia (Figure 6.2).
Other peaks in the oscillation
crossed the Australian longitudes
in early January, early March and
mid-April 1990. The focus of tropi-
cal convection during January was
to the east of Australia, with little
impact on Australian rainfall. The

March 1990 peak coincided with
the passage of a mid-latitude sys-
tem along with heavy rains over
inland eastern Australia. The peak
of mid-April coincided with a
trough in the surface easterlies and
the formation of a cut-off low. The
subsequent widespread rains dur-
ing April were more than five times
normal, and produced some of the
worst floods in a century. Queens-
land was hardest hit: about 570,000
square kilometres, or almost one
third of the state, was under water.
More than a dozen towns were iso-
lated and 30,000 people marooned.
The floodwaters reached 12.5-m
depth in some areas, forcing the
wholesale evacuation of some
towns.

In late December 1990, torren-
tial rains, 200 to 600% of normal,
from Tropical Cyclone Joy inun-
dated coastal sugarcane plantations
of eastern Queensland. Widespread
heavy tropical rains then continued
to soak most of Queensland and the
remainder of northern Australia
during January and February 1991,
exacerbating the flooding condi-
tions.
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MAJOR FLOODS
IN THE AMERICAS

Record-breaking rains  from
severe thunderstorms fell on
southwestern Ontario, Canada, in
July 1989 during a 17-hour
eriod. Torrential downpours
ooded homes and farmland,
ausing property losses of $35 mil-
ion (US). Official rainfall totals
xceeded 250 mm in 24 hours
(unofficial totals from an analysis
of various non-official rain-gauges
and other containers exceeded 400
mm in 24 hours), the highest
24-hour  accumulation  ever
received in Canada east of the
Rockies.

Very heavy rains fell in May and
June 1989 in the eastern third of
the contiguous United States.
Flooding occurred in the Ohio
River Valley in late May, and again
from late August to October.

Heavy thunderstorm rains in late
January 1990 also caused considera-
ble flooding in the south-central
United States. Severe weather
accompanied the heavy rains during
much of February, especially in
areas extending from Texas and
Oklahoma to the Carolinas. More
severe weather, heavy precipitation
and an ice storm plagued the central
states during March. Copious rains
during late April and early May in
the south-central Great Plains pro-
duced the worst flooding in 80 years
in eastern Oklahoma, northern
Texas and western Arkansas. Recur-
rent torrential downpours also
drenched much of the central and
eastern states in May and early June,
and many of the storms were
accompanied by severe weather.
Record and near-record heavy pre-
cipitation soaked much of the east-
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Figure 6.3 - Annual flood peaks for Rio Negro at Manaus Port, Brazil, from 1903
through 1991 (from Space Research Institute, Manaus, Brazil),

ern United States during October landslides throughout western

and December, generating flooding Washington state and British
in sections of the Tennessee and Columbia. Coastal areas recorded

Ohio River valleys, in the Carolinas, MOre than double their normal

and in the central Appalachian
Mountains.

Dfm“g November 1990, a sub- Figure 6.4 - Monthly normalized river discharge for
tropical storm-track dubbed the the Trombetas River for January 1971-August 1989 in
“Pineapple Express” brought tor- northern Brazil (vertical bar) and values of the South-

. : ern Oscillation Index (SOI) for January 1971-June
rentta_l_ rams northeasmz_“d from 1990 (blue line). Negative values of the SOI indicate
Hawaii to the central Pacific Coast  an El Nifo (warm) event, and positive values reflect a

of North America, generating cold ENSO event (from Space Research Institute,
3 Manaus, Brazil).

widespread, severe flooding and
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monthly rainfall amounts. At
Hope, in the eastern Fraser Valley
of British Columbia, precipitation
was four times the average, a new
all-time record for any month.

The region to the north of the
Amazonas River, in northern South
America, is strongly influenced by
the El Nino/Southern Oscillation
(ENSO) phenomenon. Generally
cold/anti-El Nifio (warm/El Nifo)
ENSO events produce above
(below) normal rainfall, which in
turn affects river levels there. Heavy
rains fell in association with the
cold phase of ENSO in 1989, result-
ing in near-record high river levels
in northern Brazil (Figures 6.3 and
6.4). The 1989 Rio Negro flood peak
was the third highest of the cen-
tury, following 1953 (the highest)
and 1976. Abundant rains also fell
across much of Brazil during
December 1989 and January 1990,
causing severe flooding. Very wet
conditions caused widespread
flooding in Uruguay and southern
Brazil in February 1990.

MAJOR FLOODS
IN EASTERN ASIA

More than twice the normal pre-
cipitation fell during July 1989 on
portions of Korea, the Manchurian
provinces of Jilin and Heilongjiang
(north of Korea), and southeastern
Siberia (Figure 6.5). The rainfall
provided welcome relief from long-
term dryness, but most of the rain
fell during short time spans, caus-
ing severe flooding, landslides,
extensive property damage, and
loss of life.

Surplus rains during mid-
February to late April 1990 del-
uged most of southeastern China,
especially Guangdong and Fujian
provinces. More than 81,000 ha of
rice, vegetable, and other agricul-
tural fields were flooded by the
torrential rains in Fujian Province
alone; more than 300 roads were
blocked by flooding.

Late spring “plum” rains in 1991
flooded large segments of the Huai
and Chu river basins and the Tai
Lake Basin in southern China. The
West Pacific subtropical high was
located to the south, and was not

only stronger but started moving
north some 20 days earlier than
usual, in the middle of May — and
was situated about 300 km farther
north than normal. Rainfall
amounted to more than 800-1000
mm from May to mid-July, which is
one to three times as much as the |
average for this period. Rains were
heavy, widely distributed and long
lasting. The first rains rapidly satu
rated the soil and filled low-lyin.
areas along the rivers. Some of the
country’s worst flooding this cen-
tury occurred in the Wu River
watershed.

DEMOCRATIC
PEOPLE'S
REPUBLIC
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Figure 6.5 - Percentage of normal precipitation during
July 9-29, 1989 across eastern Asia (from NOAA, Cli-
mate Analysis Center, Washington, DC). >
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A monsoon wind circulation and
its associated seasonal rainfall
affects a considerable part of the
world’s land masses. The name
“monsoon” has traditionally been
used to describe both the rain
phenomenon and the southwest-
erly surface winds that prevail
Juring summer over India and
ieighbouring regions. Although
lirimarily an Asian phenomenon,
it also occurs in eastern Africa,
northern Australia and, to a lesser
degree, southwestern  North
America. The year-to-year vagar-
ies of the monsoon, i.e. excessive
rainfall leading to floods in cer-
tain years or little or no rain in
other years causing droughts and
famines, cannot be explained
without considering interactions
with the general circulation.

Although the monsoon seasons
over India/China, the equator, and
southern parts of eastern Africa
are significantly different, high
correlations between their mon-
soonal wind systems have been
observed during some years. A
good example is the opposite
phase relationships  between
India/China and Eastern African
monsoonal wind systems during
some EI Nino/Southern Oscilla-
tion (ENSO) periods.

"4

ABUNDANT MONSOON RAINS
OVER INDIA

India is an agricultural country
with large areas that depend on
monsoonal rains as the only
soutcc"‘ f’f water for cultivation.

also provide much

ce l’&ins""u_ 2 ;
ﬁided waters TG hydroelectric

power generation.

Some of the principal factors
controlling the monsoon circula-
tion in India and other Asian sub-
continent countries are the “heat-
low” over the Baluchistan region
of Pakistan, the pressure gradient
over the Indian peninsula, the
low-level flow pattern, the loca-
tion of the monsoon trough, the
monsoon depression, the
strength of cross-equatorial flow,
and the sea surface temperature
over surrounding areas.

The Indian monsoon season
occurs from June to September
when about 70% of the annual
rainfall is received. Although the
monsoon advances into India with
a fair degree of regularity, there are
significant year-to-year variations
in onset date, and temporal behav-
iour. Any large anomaly with
respect to long-term climatic nor-
mal monsoon conditions upsets
the economy of India and other
Asian  subcontinent  countries.
Monsoon rains also bring relief to
the people by reducing the extreme
high summer temperatures of
40-45°C to more comfortable val-
ues near 30°C.

For the review period, the
monsoons were generally on
schedule and brought ample
moisture for India, a welcome
change after the severe country-
wide drought during 1987. In
1989 and 1990, only 6 and 3 of 19
subdivisions, respectively,
received below normal rainfalls
(Figures 7.1 and 7.2) compared
with 21 subdivisions during the
drought of 1987. Excessive or
normal rainfalls occurred in 37,
88, 77, and 95% of India for the
years 1987 to 1990, respectively.

Ample rains from the south-
west monsoon in the summer of
1989 resulted in excellent har-

vests for Indian farmers but
caused considerable flood dam-
age. With the exception of central
and north-central India, most
areas generally received near nor-
mal monsoonal rains. The mon-
soon began over Kerala on June 3
and over peninsular India and
parts of Uttar Pradesh on June 23,
and covered the remainder of the
country by July 2. The withdrawal
of the 1989 monsoon was almost
on schedule (Figure 7.3), com-
mencing in mid-September and
finishing outside Tamil Nadu and
Kerala on October 13.

Between June and September
1989, more than 500 mm fell over
most of India and northern Paki-
stan. As a result, normally arid
southern Pakistan and extreme
western and much of northern
and southern India reported
above normal rainfall. The exces-
sive rains in northeastern India
flowed into the Ganges and Brah-
maputra Rivers, creating disas-
trous flooding across the delta
plains of Bangladesh and extreme
eastern India. During July, how-
ever, cyclones, copious rains,
floods, and tidal waves lashed
India’s west coast, particularly
Maharashtra State, marking an
unusually destructive start to the
1989 monsoon season.

The 1990 monsoon started 10
to 14 days earlier than usual over
Kerala, Karnataka and western
portions of West Rajasthan (Fig-
ure 7.4). It was preceded by an
intense cyclone during May. The
cyclone, considered the most
severe in over a decade in India,
battered the southeastern Indian
coast of Andhra Pradesh State.
The monsoon advanced on sched-
ule over Assam and adjacent
areas, but was late by 12 to 15

I MONSOONS




days over the Gujarat region and
adjoining areas. Withdrawal of
the 1990 southwest monsoon
commenced by the end of Sep-
tember, thereby extending the
season in northern areas, and
finally withdrew from the rest of
the country outside Kerala and
Tamil Nadu on October 17.

In June 1990, very heavy rains
fell over northwestern, south-
western and eastern India and
Bangladesh. Rain and flooding
continued in July, diminished in
early August, and returned later in
the month to northeastern India,

spreading farther west and causing
extensive flooding and landslides.
In early September heavy rains fell
on north-central Pakistan and
northern India, and then the mon-
soon began its slow southeastward
retreat. In late October, the mon-
soon abated in northeastern India
and Bangladesh but only after a
violent storm off the coast of
Bangladesh had produced strong
winds and very heavy rains.
During mid-June, torrential
downpours dumped over 560 mm
of rain in a 24-hour period on
parts of Bombay, with more than

400 mm falling during one
6-hour span. The rains dimin-
ished during early August, but
returned later in the month to
northeastern India. Towards the
end of August, downpours in dis-
tricts south of Katmandu, Nepal,
produced flooding and landslides.

Overall, most of central Pakistan,
northern, central, and eastern
India, and Bangladesh recorded
near to above normal monsoonal
rains in 1990. Areas with signifi-
cantly below normal seasonal rains
included extreme southern and
extreme western India and south-
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Figure 7.1 - Distribution of anomalous June-to-September rainfall
totals over India during the 1989 monsoon (from India Meteorolog-

ical Department, New Delhi).

A

-

Figure 7.2 - Distribution of anomalous June-to-Septémber rainfall
totals over India during the 1990 monsoon (from {ndia Meteorolog-

ical Department, New Delhi).




eastern  Pakistan. The  May-
September totals of 500-1500 mm
in northwestern and central India
were well above normal, but the
totals of 250-500 mm across much
of extreme southern India were
below normal.

VARIABLE MONSOON OVER
EASTERN CHINA

The summer “monsoon” of east
China (east of 110°E) is generally
characterized by a seasonal north-
ward movement of a monsoon-
like rainy belt from May to
August. Summer monsoon rain
in eastern China is directly influ-
enced by the seasonal displace-
ment of the west Pacific High (at
the 500-hPa level), which gener-
ally moves northward from spring
to midsummer. The main mon-
soon rainy belt is located along
the northwestern side of the west
Pacific High. During the 1980s,
the summer position and interan-
nual variability of the west Pacific
High changed significantly com-
pared with the long-term clima-
tology, with resulting changes of
the summer monsoon rains of
eastern China. Since 1979, the
west Pacific High, during high
summer, has tended to move to a
more southerly position than
before. Consequently, northern
China has suffered from a defi-
ciency of rain during the high
summers of the 1980s, whereas
central China (Yangtze and
Huaihe basins) was waterlogged
several times (Figure 7.5).
Strong statistical evidence cor-
relates the migration of the west
Pacific high with direct clear-sky
solar radiation during the 1980s.
Xu (1990) postulates that owing

to an increase in the density of
aerosols, either in the tropo-
sphere or stratosphere, through
the combined result of industriali-
zation and urbanization in China,
and the influence of large volcanic
eruptions (Mount St. Helens in
1980 and EI Chichon in 1982-1983)
direct clear-sky solar radiation has
decreased. In turn, the higher den-
sity of atmospheric aerosols causes
a reduction of surface heating,
which leads to a southward retreat
of the west Pacific high and the
accompanying northern monsoon
rainbelt of eastern China during
high summer.

The summer monsoon of 1989
in eastern China was active dur-
ing June to mid-July owing to the
more northward shift of the west
Pacific high (Figure 7.6.1). The
onset of plum rain (Meiyu) by
June 3 in the mid-lower Yangtze
was abnormally early by about
two weeks. The west Pacific High
was unsteady and weaker than
normal after late July. Its latitude
between 110-130°E is situated in
the 25 and 27°N belt during the
summer, causing more rainfall in
central China (especially in the
Huaihe Basin), with less rain in
southern China (south of 27°N)
and northern China (north of
34°N) (see Figure 7.7).

In 1990, the summer monsoon
was strongest during June and
July. The west Pacific High was
more northward than normal
(Figure 7.6.2). Its latitude was sit-
uated at 26-28°N during the
Meiyu (mid-June to early July).
This anomaly caused a more
northward position of the mon-
soon rainy belt of east China,
locating it along the lower
reaches of the Yellow and Huaihe
rivers. Meanwhile, the Yangtze
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Figure 7.3 - Actual and normal dates of withdrawal of
the southwest monsoon over India in 1989 (from
India Meteorological Department, New Delhi).

Figure 7.4 - Actual dates of onset of the southwest mon-
soon over India in 1990 (from India Meteorological
Department, New Delhi).
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Valley and southern China had no
rain. The Meiyu did not appear in
summer 1990 — for only the
tenth year since 1885. The south-
ern provinces of Jiangxi, Sichuan,
Guangxi and Hubei suffered per-
sistent high temperatures during
July and August, and the highest
daily temperature reached 41°C.



Figure 7.5 - Average summer (July and August) rainfall anomalies during the 1980s
for China, expressed as percentage departures from the 1951-1979 normal (from
Jiangsu Meteorological Institute, Nanjing, China).
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Figure 7.6 - Time variation of the latitude of the west
Pacific high-pressure area (500-hPa level) between
110 and 130°E, during the summers of 1989 (7.6.1)
and 1990 (7.6.2). The dashed line is the correspond-
ing average during 1965-1982 (from Jiangsu Meteoro-

logical Institute, Nanjing, China).

% RAINFALL DEPARTURE FROM NORMAL (1951-80)

50 25 O 25 50 100

46



EASTERN AFRICA MONSOON
CONDITIONS IN 1989
AND 1990

The southeasterly (SE) monsoon
winds from the Southern Hemi-
sphere and the northeasterly (NE)
monsoonal winds from the North-
ern Hemisphere are the major
sources of moisture for rainfall
over much of eastern Africa. The
patterns of the monsoon wind sys-
tems, however, are significantly
modified by regional features
including complex topography and
many large inland lakes. These fea-
tures often force the convergence
zone of the interhemispheric mon-
soonal wind systems (Intertropical
Convergence Zone, or ITCZ) to
move both meridionally and zon-
ally during the various seasons.
The ITCZ is located over the south-
ern and northern sectors of eastern
Africa, which are far from the
equator during the corresponding
hemispheric summer seasons. Two
distinct rainfall seasons associated
with the biannual passage of the
ITCZ are, however, observed dur-
ing the spring and autumn seasons
over parts of eastern Africa that are
closer to the equator and linked to
the convergence of the NE and SE
monsoon wind systems.

From December 1988 to Feb-
ruary 1989, the northeasterly
monsoon winds over eastern
Africa were anomalously strong.
The tropical zonal circulation was
dominated by the high circula-
tion index of the EI Nino/
Southern Oscillation (ENSO).
Near to above normal rainfall was
recorded over most of southern
Africa during the 1988-1989 sum-
mer (Figure 7.8). A weakened
Indian Ocean monsoon wind sys-

tem during 1989-1990 resulted in
unusually wet and unusually dry
areas over southern Africa. A sim-
ilar pattern occurred during
1990-1991.

June, July and August is the
major rainfall season for the
northern areas of the region asso-
ciated with the migration of the
ITCZ to the Northern Hemi-
sphere. Western parts of the equa-
torial sector also receive substan-
tial rainfall associated with
incursions of moist unstable low-
level westerly winds from the
Atlantic Ocean and the moist
Congo/Zaire basin. The rainfall
patterns for 1989 and 1990 were
similar, with drought occurring
in the northern areas (see Chap-
ter 5 for details).

A stronger than normal south-
east monsoon wind system
brought near to above normal
rainfall to equatorial Africa from

208

Figure 7.8 - Percentage of normal pre-
cipitation during southern Africa’s rainy
season (October 1, 1988 to March 25,
1989) (from NOAA, Climate Analysis
Center, Washington, DC).

WET 2 LOWER BOUNDARY
OF 3A0 QUARTILE
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| NORMAL WITHIN 2ND
AND 3RD QUARTILE

Figure 7.9 -

robi).

Distribution of the
March-to-May 1991 rainfall anoma-
lies over eastern and southern Africa
(from the University of Nairobi,
Department of Meteorology, Nai-
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Figure 7.10 - Sea surface temperature (°C): (a) means, and (b) anomalies for April
1991 (from NOAA, Climate Analysis Center, Washington, DC).
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March to May 1989. A similar
rainfall pattern occurred during
September to November 1989.
Anomalies of the southeast mon-
soon wind system extended over
larger portions of the region from
March to May 1990 when com-
pared with 1989, resulting in a
somewhat greater area of above
normal rainfall anomalies. Sep-
tember to November 1990 had

110E 0

near normal rainfall amounts at
most locations, but below normal
anomalies in portions of the
northern equatorial region.

The monsoon circulation was
weaker from March to May 1991
than in the two previous years,
resulting in a poor seasonal dis-
tribution of precipitation over the
region and very severe droughts
(Figure 7.9). Figure 7.10 shows

110E

that warm pools of surface water
over equatorial coastal areas of
the region and the Arabian Sea
were discernible from March to
May 1991. Positive sea surface
temperature anomalies over this
region reduce the intensity of the
Arabian subtropical anticyclone
and interfere with the normal
flow of the east African monsoon
wind systems.
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Tropical cyclones, hurricanes and
typhoons are the most devastating
of meteorological phenomena.
About 80 of these killer storms
occur around the world each year.
The average annual damage has
been estimated at about $1,500 mil-
lion (US), and the average annual
death toll over the past 30 years or
so is about 15,000. Drowning con-
tributes heavily to the fatalities,
especially through rare events such
as the storm surge that caused over
100,000 deaths in Bangladesh in
1991.

Strong winds, storm surges, and
associated torrential rains produce
heavy damage in coastal areas,

especially in developing countries
where an adequate infrastructure
capable of moving large human and
cattle populations in the shortest
possible time to safe areas cannot
be organized. Attempts are being
made by meteorologists in various
countries to improve their forecasts
in order to give timely warnings to
the public about approaching
cyclonic storms so as to reduce
damage. But there are inherent dif-
ficulties because the majority of the
hurricanes behave erratically.-Avail-
able dynamical methods cannot
predict them well enough in
advance. Climatological records
and analogue methods do help to
trace and predict tropical cyclones,

Bangladesh storm, April 1991

INSAT-1D

but they have limited applications.
Consequently, the best that can be
done is to detect the storms using
meteorological satellites, track
them by cyclone-detecting radars,
and warn the coastal populations to
evacuate to pre-determined safe
places. A proper all-clear should
also be developed to avoid unneces-
sary movement of the people.

CYCLONES AND
DEPRESSIONS IN

THE BAY OF BENGAL AND
THE ARABIAN SEA

During 1989, ten tropical cyclonic
systems developed over the Bay of

TROPICAL CYCLONES, TYPHOONS

'SEVERE STORMS

g
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Bengal and the Arabian Sea. Of
these in the Bay of Bengal, two hur-
ricanes and one cyclone developed
during the monsoon season. One of
these hurricanes formed over the
north Bay of Bengal, the other over
the Gulf of Thailand. The Arabian
Sea remained comparatively dor-
mant with only one depression,
which formed during the onset
phase of the monsoon period. The
tracks of these storms and depres-
sions are shown in Figure 8.1. The
unusual feature of the cyclonic
storm that formed during the mon-
soon season was its position much
farther southward compared to
normal. It caused widespread rain
over all of India.

Figure 8.1 - Tracks of tropical cyclones
and depressions in the northern Indian
Ocean during 1989 and 1990 (from
India Meteorological Department, New
Delhi). v
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KAVALI HURRICANE —
AN HISTORIC STORM

Hurricane Kavali developed over
the Gulf of Thailand on November
3, 1989. Initially, it moved north-
westward for a day, then westward
across South Thailand and South
Burma, and emerged into the
Andaman Sea. Thereafter, it took a
west-northwesterly to  westerly
course, crossed the Andaman group
of islands and struck the south
Andhra Coast near Kavali around
midnight of November 8. Close sur-
veillance of its position and inten-
sity enabled the India Meteorolog-
ical Department to issue precise
cyclone warnings and advisories,
well in advance, indicating the
intensity, track, time, and place of
landfall during its nine-day track.
Timely warnings enabled the
authorities to take preventive mea-

sures to reduce damage. It was one
of the most intense cyclones in the
seas around India, with a maximum
estimated wind speed of 235 km/h.
At landfall, its wind speed was
190 kmv/h with a 5 m storm surge.
About 4 million people in 836 vil-
lages in the Nellore district of
Andhra Pradesh were afflicted by
this hurricane. Its fury was felt
within a radius of 17 km from
Kavali. According to reports, 69
persons lost their lives and 7,100
cattle perished; on Andaman Island,
709 buildings were damaged and
about 1000 trees were uprooted.
Nine tropical cyclonic systems
formed in the Bay of Bengal and
one in the Arabian Sea during 1990.
Of these only two developed into
tropical cyclones; the remaining
were depressions. Their tracks are
shown in Figure 8.1. It is notewor-
thy that no tropical cyclones have



formed in the Arabian Sea during
the last five years.

MACHILIPATNAM CYCLONE

This system originated as a depres-
sion over the southwest Bay of
Bengal on the morning of May 5,
1990, when it intensified into a
cyclonic storm by 1200 UTC and
was centred about 500 km south-
east of Madras. It moved farther
northwestward and became a hur-
ricane on the morning of May 6,
then moved north-northwesterly
crossing south Andhra Pradesh
coast near the mouth of the
Krishana River as a severe cyclonic

INSAT IB satellite visible picture of the

Machilipatnam Cyclone, 0600 UTC May 7, 1990 (from

India Meteorological Department, New Delhi).

storm at about 1330 UTC, May 9. It
weakened on the evening of the
11", The maximum sustained
winds associated with the cyclone
were estimated at about 235 km/h.
At landfall, its maximum sustained
wind was about 167 km/h. Wide-

spread heavy to very heavy rainfall
occurred in coastal Andhra Pradesh
and adjoining parts of Tamil Nadu
during May 8-12, 1990 along with a
peak storm surge of 5 m.

The cyclone caused colossal dam-
age to public and private property in
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Figure 8.2 - Track of tropical cyclone 2B that ravaged Bangladesh for more than eight hours on April 30, 1991 (from NOAA,

Climate Analysis Center, Washington, DC).
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Andhra Pradesh. A total of 5,160 vil-
lages was affected; human losses
totalled 928; and more than 1.4 mil-
lion houses were damaged. Timely
warnings and preventative measures
by the concerned authorities helped

in reducing the damage.

TROPICAL CYCLONES
AROUND AUSTRALIA

Figure 8.3 shows the tracks in
three hurricane seasons, 1988-89
to 1990-1991. The 1988-1989
tropical cyclone season was very
active with 20 cyclones occurring
from 70°E to 130°W, and six from
160°E to 170°E longitude. There
were only 13 tropical cyclones
during the 1989-1990 season with
no events east of 170°E. Nine trop-
ical cyclones developed during the

1990-1991 season, three in the
Coral Sea and six in the Timor Sea.
The reduction in the number of
tropical cyclones each season is
consistent with the decline of the
cold ENSO episode of 1988-1989.
Twelve tropical cyclones origi-
nated between 150°E and 150°W
during the cold event of
1988-1989 but only three during
that of 1990-1991.
Damage and casualties on the
Australian mainland resulted from
the following four tropical cyclones:
(i) Aivu (April 1989): Hundreds
of houses damaged or
destroyed;

(ii) Nancy (January 1990): Heavy
rain and flooding; 4 deaths.

(iii) Joy (December 1990): Floods
resulting in $300 million
(Australian $) damage; 5
deaths.

(iv) Fifi (April 1990);
Extreme fire-weather condi-
tions due to strong winds; 65
houses damaged.

WESTERN PACIFIC
TYPHOONS

Numerous typhoons and tropical
storms Dbattered eastern and
southeastern Asia in 1989. The
Philippines was hit especially hard
during October. Typhoons Angela
and Dan struck the north on Octo-
ber 5 and 10-11, respectively, with
a combined death toll of 168. On
October 19, Typhoon Elsie crossed
Luzon about 230 km northeast of
Manila with peak winds of
200 km/h. It was judged the most
powerful to strike the country
since Nina in November 1987.
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Figure 8.3 - Tracks of tropical cyclones in the Australian region during the 1988-1989, 1989-1990 and 1990-1991 hurricane sea-
son (from Bureau of Meteorology, National Climate Centre, Melbourne, Australia).
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Figure 8.4 -
Tracks of
typhoons and
tropical storms
in the western
North Pacific
striking China
during the
1989 and 1990
hurricane
seasons (from
Jiangsu
Meteorological
Institute,
Nanjing,
China).




Severe storms which battered northern Europe during February 1990 caused deaths and destruction to forests ~ Deutscher Wetterdienst




Figure 8.5 - The number of typhoons
striking China from 1951 through 1990:
(A) annual total, (N) June-September
total (from Jiangsu Meteorological Insti-
tute, Nanjing, China).
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From August 1 to September
23, seven  typhoons/tropical
storms affected Japan. Torrential
downpours of more than 200 mm
over portions of southern Honshu
in less than 24 hours, resulted in
landslides and major flooding.
Precipitation during the period
ranged from 200 to 400 mm over
Hokkaido to more than 1000 mm
over Shikoku.

On November 4, a rapidly intensi-
fying storm, Typhoon Gay, struck
Thailand’s southern peninsula with
160 km/h winds. It was reported to
be the most powerful storm to hit
Thailand in at least 50 years. Nearly
200 ships capsized or sank. More
than 1000 people drowned, mostly
in Chumpon Province.

Of the 33 typhoons and tropical
storms in the western Pacific (as
numbered by the Central Mete-
orological Observatory of China),
10 landed in China. The tracks of
landing typhoons in 1989 were
more southerly than normal; the
most northward only reached the
mouth of the Yangtze River (Fig-
ure 8.4). Most of the rains were
intense and of short duration,
causing severe flooding, devastat-
ing landslides, and substantial
losses of property and lives. Por-

>
Figure 8.6 - The strongest hurricane-
sustained wind speed for each vyear,
1886 through 1990, for the North Atlan-
tic Ocean (including the Caribbean and
Gulf of Mexico) (from NOAA, National
Climatic Data Center, Asheville, NC).
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tions of coastal China and Vietnam
were battered by Typhoons Gor-
don, Hope and Irving during the
middle of July.

The year 1990 was another
active one for tropical storms in
the western Pacific with at least 30
depressions. Almost all struck
land. The heavy rains were wel-
comed in drought-stricken parts
of the Philippines and Japan, but
also caused damaging floods in
these countries, and in Taiwan,
eastern China and Korea.
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Typhoon Flo struck Japan on
September 18-19, with sustained
winds near 190 kmv/h at landfall. It
was said to be the worst typhoon to
hit the country since the early
1960s. Torrential rains greater
than 400 mm caused flooding and
landslides. In the Philippines, the
worst of the 14 typhoons to hit this
year, Typhoon Mike, arrived late in
the season. Packing winds of
240 km/h, the storm destroyed or
damaged over 600,000 houses and
left more than 436 people dead.
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Although  the number of
typhoons (29) in 1990 were some-
what less than in 1989 in the tropi-
cal western Pacific, the number of
typhoons making landfall on China
were the same in 1990 and 1989 (10,
see Figure 8.5). Landfalls were also
more southerly than normal (south
of 29°N), but the typhoon damage
was significantly larger than in the
previous year. From mid-August to
mid-September,  four  tropical
cyclones hit southeastern China,
including Typhoon Yancy, blamed
for over 180 deaths in China and 11

in Taiwan. In 1990, tropical cyclones
were responsible for more than 800
deaths, the loss of about 4.67 mil-
lion ha of cropland and 400,000
houses. However, the abundant
rainfall was welcomed in the
drought-striken southern provinces.

EASTERN NORTH PACIFIC
TROPICAL CYCLONES

Nine hurricanes and eight tropical
storms occurred in the eastern
North Pacific during 1989, close
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ATLANTIC-CARIBBEAN-GULF OF MEXICO-STORM TRACKS

1989 1990
NUMBER TYPE NAME DATE NUMBER TYPE NAME DATE
1 T Allisan Jul 24 - 27 1 T Arthur Jul22-27
2 T Barry Jul 09 - 14 2 H Bertha Jul 24 - Aug 2
3 H Chantal Jul 30 - Aug 3 3 T Cesar Jul 31- Aug 7
4 H Dean Jul3-Aug8 4 H Diana Aug4-9
5 H Erin Aug 18 - 27 5 T Edouard Aug 2-11
[} H Felix Aug 26 -Sep 9 [ T Fran Aug 11-14
7 H Gabrieile Aug 30 - Sep 13 7 H Gustav Aug24-Sep3
8 H Hugo Sep 10-22 8 T Hortense Aug 25- 31
1 T Iris Sep 16 - 21 9 H Isidora Sep4-17
10 H Jerry Oc112-16 10 H Josephine Sept 21- Oct 6
1 ¥ Karen Nov 28 - Dec 4 1 H Klaus Oct3-9
12 H Ll Oct&-14
13 T Marco Oct9-12
14 H Nana Oct16-21

to the long-term average number
of occurrences. The origins of all
but one were associated with
westward-moving tropical waves
that came from the Atlantic Basin.

Cosme formed as a tropical
depression south of Acapulco,
Mexico, on June 18. It accelerated
northward and moved onshore
just east of Acapulco on the night
of June 21. Heavy rains accompa-
nied the hurricane over southern
Mexico causing flash floods and
mudslides over the coastal moun-
tains. Ten deaths due to drowning
were reported and many adobe
houses were destroyed by floods.
Maximum sustained winds were
140 km/h and the lowest sea-level
pressure was 979 hPa, both esti-
mated from satellite data just
prior to landfall.

Raymond formed on September
25 south of Acapulco . It was the
strongest eastern Pacific hurricane
in 1989, with 235 km/h winds esti-
mated on October 1 while the
storm was a few hundred kilome-
tres southwest of the southern tip
of Baja California. Raymond rapidly
moved across Baja and into the
Mexican state of Sonora, where the
mountains weakened the storm.
Flash floods were reported over por-
tions of southeast Arizona when it
moved into the United States. Its
estimated maximum wind of
231 km/h made Raymond the
strongest hurricane of the 1989
eastern Pacific season.

A record 20 tropical storms (16
hurricane strength) occurred in

<

Figure 8.7 - Tracks of hurricanes and
tropical storms in the North Atlantic
during the 1989 and 1990 hurricane
seasons (from Mariners Weather Log,
Spring 1990 and 1990 issues).



the eastern North Pacific during
1990, including several very

strong ones. The 16 hurricanes
were twice the average number
and 4 more than the previous rec-
ord. (However, reliable records
extend only to the mid-1960s for

this region.) The origin of all the
storms and hurricanes was appar-
ently associated with westward-
moving African waves. All but two
developed between 5 and 15°N lat-
itude, east of Baja California.
Alma was the earliest eastern

Pacific hurricane on record (May
12-18). Locally heavy rains traced
to Hurricane Boris affected the
southwestern United States, giving
San Diego the wettest June on rec-
ord (since 1850). Satellite-based
estimates of the maximum wind




Figure 8.8 - Tracks
of nine cyclones
with hurricane-
strength winds in
western and
central Europe
from January 25 to
March 2, 1990
(from Doberitz,

Radar picture of the Machilipatnam
Cyclone, 1100 UTC May 8, 1990, taken
from the Cyclone Detection Radar site
at Madras (from India Meteorological
Department, New Delhi).

speeds of 250 km/h, and minimum
sea-level pressures of 928 and
925 hPa, respectively, made Hurri-
canes Hernan and Trudy two of the

oW [

30N
|

strongest in recent history in the
eastern Pacific, at least as strong as
Hurricane Max of 1987 (credited as
being the strongest on record for

30w

the region). Rachel was the only
system to make landfall, which
occurred between September 27
and October 3.
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HURRICANES AND
TROPICAL STORMS IN THE
NORTH ATLANTIC

Though tropical cyclone activity
in the Atlantic, Caribbean and
Gulf of Mexico during 1989 was
just slightly above normal, the
trend for large, strong Cape Verde
hurricanes continued (see Fig-
ure 8.6). Hurricane Hugo reached
category five on the Saffir/

Simpson scale and caused an esti-
mated $10 billion (US) damage.
Gabrielle was another large such
hurricane that reached category
four, but it remained at sea.
Tropical Storm Allison and Hur-
ricane Chantal caused damage,
mainly due to torrential rains and
flooding, and deaths, due to
drowning, along the upper Texas
coast and western two thirds of
Louisiana (Figure 8.7). Allison
formed from the remnants of east-

Kasiviswanathan temple broken and
shifted during the Machilipatnam
Cyclone (from India Meteorological
Department, New Delhi).

GOES-7 colour-enhanced infrared satel-
lite picture of Hurricane Hugo, 0401
UTC September 22, 1989, making land-
fall at Charleston, S.C., on the United
States mainland (from NOAA, National
Climatic Data Center, Satellite Data Ser-
vices Division, Washington, DC).

ern Pacific Hurricane Cosme and
the northern portion of a
westward-moving tropical wave.
In all, nearly 750 mm of rain fell at
a few locations in north-central
Louisiana, and amounts from 250
to 375 mm were common along
the upper Texas coast.

The system that provided the
embryo for Chantal first appeared
on July 24 as an Intertropical Con-
vergence Zone (ITCZ) disturbance
near Trinidad. The system moved
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WINTER CYCLONE TRACKS

B norwmaLLY

HURRICANE-TYPE LOWS
OF THE WINTER 1990

30W

westward across the Caribbean and
Central America, forming a depres-
sion on the morning of July 30 in
the Gulf of Mexico off the north-
western Yucatan peninsula. Hur-
ricane Chantal made landfall near
High Island, Texas, during the
morning of August 1, with top
winds of 130 km/h and a central
pressure near 986 hPa. The centre
of Chantal continued moving
northwestward and dissipated in
southwestern Oklahoma after
midnight on August 3. The
24-hour rainfall amounts associa-
ted with Chantal ranged from 55
to 200 mm.

While never making landfall,
the powerful winds of the very
large hurricane Gabrielle gener-
ated large ocean swells that
pounded the shores of the north-

30N 0°

<

Figure 8.9 - Winter cyclone
tracks. Red arrows depict
storm tracks during a nor-
mal winter. Yellow arrows

depict tracks of major
storms  during  January/
| February 1990  (from
30E Doberitz, 1990).

EUROPEAN WINTER STORMS IN 1990 AND THE RESULTING LOSSES
Date Area g:iui m d“:ﬁﬁ; Comments
1990
greatest event of storm
Western and damage up to now espe-
Anta O S Central Europe % 6,800 cially in Great Britain,
and Benelux countries
Feb. 3,4 | Central Europe 30 1900 | hit Paris, Luxembourg,
rmany
Western and Central
Feb. 7, 8 Burorie 17 300 storm and floods
Feb. 11, 12| Western Europe 1 100
floods, snow storm, ava-
Feb. 13, 15| Central Europe 25 300 linches
storm and tidal wide,
Feb. 25, 27| Western, Central 64 3,200 huge forest damage in
Central Europe
Feb. 28 — | Western and Central staem and Gdal wave,
Mz;rch 1 | Burone 34 2,200 huge forest damage in
P Central Europe
(from: Munich Reinsurance Co, July 1991)




eastern Caribbean islands, Ber-
muda, and the North American
mainland from central Florida to
the Canadian Maritimes during
late August and early September.
Swells ranged from 3 to 4.5 m
along portions of the United
States east coast and were as high
as 6 to 9 m along the south coast
of Nova Scotia. The storm was
responsible for eight deaths along
the mid-Atlantic and New England
coasts.

Hurricane Jerry made landfall on
the upper Texas coast on October
16; no hurricane had ever made
landfall there so late in the season.
Twenty-four hour rainfall totals
were in the range, 125 to 175 mm.
Tropical Storm Karen was another
late-season storm, which has been a
trade mark of the 1980s. In the past
100 vyears, there has been an aver-
age of four named November tropi-
cal cyclones per decade. During the
1980s, there were eight. Karen
formed in the western Caribbean
from an African wave on the eve-
ning of November 27 and later
dropped 250-380 mm of rain over
portions of central and western
Cuba.

Eight hurricanes and six tropical
storms developed during the 1990
hurricane season (Figure 8.7).
Although the season was quite
active, only one hurricane (Gustav)
generated maximum sustained
winds greater than 185 km/h, and
many of the tropical systems
recurved over the central Atlantic
in response to a persistent upper-
level trough. Gustav reached hurri-

cane strength east-northeast of Bar-
bados on the 26%. Its minimum
central pressure of 956 hPa, and
maximum sustained winds of
200 km/h occurred about 800 km
east-southeast of Bermuda.
Hurricane Diana, which formed
from a classical tropical wave off
Africa on July 27, reached tropical
storm intensity on August 4 and
crossed the Yucatan Peninsula of
Mexico, then strengthened rapidly
while moving into the Bay of Cam-
peche. The minimum central
pressure of 980 hPa and maximum
sustained winds of 170 km/h
occurred just before landfall near
Tuxpan, Mexico. The hurricane
was estimated to cause 96 deaths
while it moved into Mexico, and
extensive damage to property,
agriculture, and roads in moun-
tainous areas in the states of
Hidalgo and northern Veracruz,
mostly from torrential rains that
triggered mudslides and flooding.

THE STORMY ATLANTIC —
JANUARY/FEBRUARY 1990

During a five-week period in Janu-
ary and February 1990 the North
Atlantic bred nine very intense
storms that struck northern
Europe with hurricane-force
winds (Figure 8.8). The winter
storms favoured a track across
northern and central Europe in
contrast to the usual branch pat-
tern over the Mediterranean Sea
and the North Sea (Figure 8.9).
Storms penetrated well into

Europe in the absence of any
blocking anticyclone.

The first major storm struck
England on January 25. Winds up
to 200 km/h knocked out power
and phone service to hundreds of
thousands of customers. The
winds downed trees, blew roofs off
buildings, and knocked over
trucks. Storm-related deaths in
Britain and Europe totalled 93.

Only four days later, on Janu-
ary 29, a second storm battered
southwestern England, toppling
trees and causing landslides and
floods. A third major storm struck
during the first week of February,
leaving a trail of destruction across
northern Europe, It was one of
France’s worst storms in recent
decades. The last of the severe
storms hit Europe at the end of
February. Winds up to 160 km/h
levelled huge stands of trees in cen-
tral Europe. In Germany, downed
timber represented twice the aver-
age annual harvest. The last storm
killed 63 in addition to at least 25
forest workers who died in acci-
dents during cleanup efforts.

RECORD TORNADO ACTIVITY
ACROSS THE UNITED STATES

Tornadoes are short-lived small-
scale severe weather phenomena,
each consisting of a destructive
whirlwind in the shape of a funnel
descending from a cumulonimbus
cloud base. The synoptic situation in
the United States favouring tornado
formation is a southwesterly circu-
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lation in the upper atmosphere over
the western and central states. This
pattern directs warm moist air from
the Gulf of Mexico into the interior
United States. When cold air from
the north and west clashes with the
warm humid air, the resulting insta-
bility enhances tornado develop-
ment.

After five years of fewer than nor-

1973

YEAR

1963

mal tornadoes, the 1989 and 1990
tornado seasons were well above
normal, with 845 and 1126 torna-
does, respectively. The 1990 season
set a new yearly record for the most
tornadoes. However, the corre-
sponding death tolls, 48 - 53, were
each well below the 30-year average
of 82. In both years there was an
increase in violent tornadoes.

1983

A

Figure 8.10 - Total number of tornadoes
occurring in the United States in spring
(March-May) and summer (June-
August), 1953-1991. Data prior to the
1950s are considered less complete
owing to changes in observing practices
and systems (e.g., weather radar, which
came into widespread use during this
time) (from NOAA, National Climatic
Data Center, Asheville, NC).
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Information received from the
Institute for Global Climate and
Ecology in Moscow indicates a
continued decrease in average
cloudiness over the globe (Figure
9.1) and over both the Northern
and Southern hemispheres dur-
ing 1989 and 1990. The decrease
in cloudiness is pronounced after
1986, especially in the Southern

>
Figure 9.1 - Regionally averaged annual
(December-November) total cloudiness
anomalies for the world from
1965-1966 to 1989-1990. The anoma-
lies (expressed in tenths) were com-
puted relative to the period 1966-1985
(from Institute for Global Climate and
Ecology, Moscow).

CLOUDINESS ANOMALY

Photo Grant W, Goodge
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Hemisphere. Over the globe and
both hemispheres, the cloudiness
values dropped below normal in
1988, reaching a minimum by
1990. Average annual cloudiness
values for the period 1966 to 1985
over the globe and the Northern
and Southern hemispheres are
5.8, 6.2 and 5.3 tenths, respec-
tively. In 1990, average annual
cloudiness over the globe was 5.2
tenths — 0.6 less than normal,
and 0.5 less than in 1989. In the
Northern Hemisphere, average
annual cloudiness in 1990 was 0.5
tenths less than in the Southern
Hemisphere.

Similar analyses (not shown)
for Eurasia and North America
show a decreasing trend during
the last half of the 1980s; how-
ever, cloudiness increased in 1990
to near normal values.

Figure 9.2 shows the variation
in cloudiness with latitude for the
Northern and Southern hemi-
spheres during the review period.
Pronounced regional negative
anomalies occurred in the South-
ern Hemisphere. They developed
in tropical latitudes in September
1989 and extended into mid-
latitudes by March 1991. Only
Antarctica had persistent positive

anomalies during most of the
review period; however, even
these were not large. Positive
anomalies occurred over the
Northern Hemisphere and mid-
and high latitudes (especially over
Eurasia) during the northern cold

seasons of 1988-1989 and
1989-1990.
The cloudiness data are based on

analysis of visible and infrared
images from the “Meteor” satellite
system (Matveev, 1986). The
dataset comprises daily data on a
5°x 10° grid covering the North-
ern and Southern hemispheres
(Aristova and Gruza, 1987). Spatial

Figure 9.2 - Time-latitude section of the monthly mean total cloudiness, averaged for specific latitudinal circles. Cloudiness
anomalies (departures from the 1966-1985 normals), expressed in tenths, for December 1988 to May 1991 (solid lines are pos-
itive anomalies; dashed are negative anomalies) (from Institute for Global Climate and Ecology, Moscow).
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Figure 9.3 - Annual total global radia-
tion anomalies in 1989 (per cent of
1957-1980 normals) for the territory of
the former Soviet Union (from Labora-
tory of Solar Radiation, Main Geophysi-
cal Observatory, St. Petersburg).
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Figure 9.4 - Annual total global radia-
tion anomalies in 1990 (per cent of
1957-1980 normals) for the territory of
the former Soviet Union (from Labora-
tory of Solar Radiation, Main Geophysi-
cal Observatory, St. Petersburg).

v

averaging is carried out for 62
regions including the globe, the
Northern and Southern hemi-
spheres, the continents and
oceans, the largest countries, and
10° latitudinal circles and latitudi-
nal zones. Annual values were cal-
culated from mean monthly cloud-
iness values, which were computed
by averaging the daily data.

Figures 9.3 and 9.4 show
anomalies (per cent) of annual
total global radiation in 1989 and
1990 relative to the averaging
period 1957-1980. In 1989 and
1990, the area of most pro-
nounced negative anomalies (less
solar radiation reaching the
Earth’'s surface than average)
occurred over the European terri-
tory and in the near-polar lati-
tudes of eastern Siberia. Exten-
sive areas of positive anomalies
during 1989 and 1990 occurred
along the Black Sea coast, in
western Siberia, in the temperate
latitudes of middle Siberia and
along the Amur River.
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The depletion of stratospheric
ozone by anthropogenic trace gases
continues to be a topic of great
importance and keen international
interest. Major assessments of
global ozone trends were completed
in 1989 (WMO, 1989) and 1991
(WMO, 1991). Readers are referred
to the latter report for a compre-
hensive discussion of stratospheric
ozone trends over the last two dec-
ades and the related environmental
implications. The 1991 report
incorporated the newly revised sat-
ellite data from the Total Ozone
Mapping Spectrometer (TOMS),
which used a new, independent cal-
ibration of its sensor (see Figure
10.1 for a summary of the TOMS
ozone trend results). Data from
surface-based Dobson and M83/124
stations in the former territory of
the Soviet Union were also part of
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208

40S

the basis for the assessment and all
three instrument types showed,
after the known natural variability
was accounted for, significant
decreases in total column ozone,

The findings from the new 1991
assessment for the period from the
late 1960s to 1991 include the fol-
lowing:

o In the tropics (25°N-25°S):

No substantial change in strato-

spheric ozone has been detected.
e /n the mid-latitudes (35°-64°N
and S):
A mean decrease of about 2.5%
per decade in the total column
ozone has been observed. The
depletion was greatest during
the winter-spring season, and
averaged about 1% per decade
during the summer, which is
still statistically significant.

60S

80S

ASON

e In the Polar Regions (poleward
of 64°):
The north and south polar
regions showed decreases of
about 3 and 20% per decade,
respectively, with the greatest
changes occurring during the
winter-spring seasons. The large
Southern Hemisphere decreases
were strongly influenced by the
onset of the Antarctic ozone
hole, which first appeared in the
late 1970s.

e [n the troposphere:
Measurements up to about
10-km altitude above the few
balloonsonde stations of the
Northern Hemisphere mid-
latitudes indicate that ozone
amounts have increased by
about 10% per decade over the
last 20 years. The WMO assess-
ment cautioned, however, that

- Trends are not

statistically
significant at
2-sigma level
«
Figure 10.1 - Total ozone trends (per

cent per annum), 1979-1990, as a func-
tion of latitude and season, deduced
from the TOMS satellite instrument
(from Stolarski et al., 1991).

SIGNIFICANT DECREASES
IlN STRATOSPHERIC OZONE

67



MONTHLY MEAN TOTAL OZONE

OCTOBER 1979 OCTOBER 1980 OCTOBER 1981

OCTOBER 1983 OCTOBER 1984 OCTOBER 1985

OCTOBER 1987 OCTOBER 1988

DOBSON UNITS

A

OCTOBER 1982

OCTOBER 1986

OCTOBER 1990

Figure 10.2 - Monthly mean October total column ozone (colour-coded in Dobson units) over the Southern Hemisphere, 1979-1990, from

the NIMBUS 7 TOMS satellite instrument (from NASA/Goddard Space Flight Center).

Table 10.1 - Regional long-term ozone trends (per cent per decade)
derived from ground-based Dobson total ozone data from January
1958 to March 1991. Estimates were made using the Allied statistical
model with a linear trend fit over the period 1970-1991 (Bishop and
Bojkov, 1992).

Year-Round Dec-Mar May-Aug Sep-Nov

Trend | SE |[Trend | SE |Trend | SE |Trend | SE
North America | -2.1 0.3 -3.2 0.4 -1.7 0.4 -1.1 0.3

Europe 18 | 03 | 29 | 04 | -1.2 | 03 | -12 | 03
Far East 12 | 04 | -18 | 05 | 09 | 05 | -04 | 04
36° — 64°N 18 [ 02 | 27| 03 | -13 | 02 | -10 | 02

Causes for the measured global ozone trends could not be fully determined. The most
plausible mechanism highlighted is “local heterogeneous chemistry of stratospheric
sulphate aerosols” in the presence of mostly anthropogenic chlorine and bromine.

the available data are sparse,

especially for the upper tropo-

sphere where ozone is an effec-
tive greenhouse gas.

The Antarctic ozone hole dur-
ing the Southern Hemisphere
spring of 1991 was again very sig-
nificantly developed (in both
ozone loss and spatial extent) as it
was during 1987, 1989 and 1990
(Figure 10.2). In early October
1991, the TOMS satellite instru-
ment measured a minimum value
of 108 Dobson units, only 30% of
the pre-hole conditions prior to



Figure 10.3 - Mean total ozone (in Dob-
son units) measured at the South Pole,
Antarctica, with a Dobson spectropho-
tometer  during  October  15-30,
1962-1991 (from W. Komhyr, Environ-
mental Research Laboratories, NOAA,
Boulder, CO).

| 3

the late 1970s. Mean total ozone
values for the South Pole for
October 15-31 are shown in Fig-
ure 10.3, which is an update of
Figure 40 from the 1986-1988
edition of The Global Climate
System review. The weight of
experimental (laboratory, ground-
based and aircraft-based) and the-
oretical evidence strongly indi-
cates that anthropogenic chlorine
and bromine compounds are pri-
marily responsible for the hole.
Polar Stratospheric Clouds (PSC),
which form at temperatures
below -80°C, facilitate the hetero-
geneous chemical reactions that
initiate the ozone depletion. Over
north polar regions, the same
_potentially ozone-destroying
processes have been identified,
but the necessary meteorological
conditions (i.e., extremely cold
stratospheric temperatures) exist
only infrequently.

Stratospheric ozone concentra-
tions are modulated by the
11-year cycle of solar variability
and the associated ultraviolet
radiation output. During the
review period, the solar radiation
output was near its maximum.
The solar sunspot record, which
is an approximate indicator of
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Figure 10.4 - Monthly mean Zurich sunspot numbers, 1955-1990 (from National
Geophysical Data Center, NOAA, Boulder, CO).
v

SUNSPOT NUMBERS |

SUNSPOT NUMBERS

1955 1960

actual output, is shown in Fig-
ure 10.4. Stratospheric sulphur
gases and particles from volcanic
eruptions also facilitate the deple-
tion of ozone through chemical
interactions and the reduction of
incident ultraviolet radiation.
During 1989-1991, stratospheric
aerosol amounts were quite low.
The record of “apparent” atmo-

»>
Figure 10.5 - Monthly means of “appar-
ent” atmospheric transmission at Mauna
Loa Observatory, Hawaii, January 1958
to October 1991 as determined from
direct solar radiation measurements
(updated from Dutton et al., 1985; cour-
tesy of R. Bojkov).

1965 1970 1975

YEAR

spheric transmission from Mauna
Loa, Hawaii (Figure 10.5) shows a
complete recovery from the El
Chichén eruption of 1982. In
June 1991, however, the eruption
of Mt. Pinatubo in the Philippines
injected into the stratosphere
amounts of gases and particles
similar to, or perhaps slightly
greater than, those of El Chichén.

1980 1985 1990

A complete assessment of the
magnitude of the Mt. Pinatubo
eruption is not yet possible. An
early satellite analysis (Fig-
ure 10.6, NOAA/NESDIS/Robert
M. Carey) shows the dust cloud
had encircled the earth by July
1991, but was still largely con-
fined to tropical latitudes (10°S to
20°N).
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The previous issue of The Global
Climate  System  (1986-1988)
reported the continuing increase of
the concentrations of many atmo-
spheric trace gases. Since 1988,
without exception, concentrations
of the most significantly important
gases for greenhouse climate
warming and stratospheric ozone

depletion have continued to
increase. Four comprehensive,
WMO-supported, international

reviews of trace gas trends were
published during the period (Ehhalt
et al., 1988; Megie, 1989; Watson et
al., 1990; Fraser et al., 1991). Read-
ers are referred to these for details
on concentrations, trends, and
impacts of the increases.

W

CARBON DIOXIDE

Aside from water vapour, carbon
dioxide (CO.) is the most important
gas for greenhouse climate warm-
ing. Its atmospheric concentration
has been carefully monitored since
1957, when it was about 315 ppm.
Today, a global network of 40-plus
sites, sponsored by more that 10
nations and coordinated by WMO,
documents the rising CO. concen-
tration all over the earth. The long-
est continuing, in situ record is
that from Mauna Loa, Hawaii.
Monthly mean values from that
long term record are shown in Fig-
ure 11.1 (which is an extension of
Figure 37 from the previous edition

Figure 11.1 - Monthly mean values of carben dioxide concentration (ppmv) mea-
sured at Mauna Loa Observatory, Hawaii, 1958-1990. Data have been combined
from Keeling et al. (1989) of the Scripps Institution of Oceanography and Thoning

and Tans (1989) of NOAA.
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of The Global Climate System
review). The 1990 annual mean
concentration at Mauna Loa, which
is representative of the global mean
value, is about 354 ppm.

For the full review period, the
global growth rate averaged about
1.4 ppm per vyear, slightly less than
the mean rate for the 1980s, about
1.5 ppm per year. There was, how-
ever, annual significant variability
about this mean value. Figure 11.2,
which shows the continuous CO,
growth rate for the 1980s, is
derived from the 30-site, globally
dispersed NOAA cooperative flask
sampling network. The major varia-
bility in Figure 11.2 is believed to
be linked to the El Nifio/Southern
Oscillation, although the specific
cause/effect mechanism is not com-
pletely known. Note the corre-
spondence between Figure 11.2 and
the sea surface temperature records
in Figure 2.5. For example, after
the 1987-1988 ENSO and the sub-
sequent Pacific tropical SST cold
event (see Chapter 2), the CO,
growth rate in 1989 markedly
decreased to less than 1 ppm per
year.

W

METHANE

The third most important green-
house gas is methane. Molecule
for molecule it s a far more effec-
tive greenhouse gas than CO,, but
with a much reduced atmospheric
concentration. The 1990 global
mean atmospheric concentration
of about 1.7 ppm is more than
twice as large as the pre-
industrial value of about 0.8 ppm.

CONTINUED INCREASES IN
IATMOSPHERIC TRACE GASES
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Figure 11.2 - Global carbon dioxide
growth rate, 1981-1990, as derived from
the NOAA 30-station flask sampling
network (from Conway et al., 1988).
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Methane concentrations have
been increasing steadily since
precise monitoring began in the
late 1970s. However, independent
measurements  from  several
groups, now show that the rate of
growth is slowing (Figure 11.3).
Global data from NOAA (Steele et
al., 1987), CSIRO (Fraser et al.,
1986), Oregon Graduate Institute
of Science and Technology (Khalil
and Rasmussen, 1990), and Uni-
versity of California at Irvine
(Blake and Rowland, 1988) indi-
cate that the growth rates of
about 20 ppb per year during
1978-1982 have decreased to
about 10 ppb per year during
1988-1990. The cause of this
decrease is unknown and might
be due to a decrease in sources,
an increase in sinks, or both.
Moreover, considerable uncer-
tainty still exists about the magni-
tudes of the various global-scale

88 89 90

methane sources and sinks, and
remains a continuing high-
priority research topic. Compre-
hensive strategies to restrain
atmospheric methane concentra-
tions cannot be reliably developed
until the major global sources
and sinks of methane are well
understood.

4

CARBON MONOXIDE

Carbon monoxide itself has nei-
ther greenhouse radiative proper-
ties nor a direct effect on ozone
depletion. It is, however, an
important tropospheric trace gas
because of its roles in the carbon
cycle and in the chemistry of tro-
pospheric ozone production. It is
formed in the atmosphere by oxi-
dation of methane and destroyed
by further oxidation to carbon
dioxide.




More than half of all carbon
monoxide sources are anthropo-
genic, the most significant result-
ing from biomass burning and
fossil fuel combustion. Since
these sources are more abundant
in the Northern than in Southern
Hemisphere, carbon monoxide
background concentrations are
about twice as large in the North-
ern Hemisphere.

Despite the importance of car-
bon monoxide, its short lifetime
in the atmosphere has precluded
precise determinations of its
background mean concentrations
and long-term trends. Nonethe-
less, Fraser et al. (1991) argue
that the background marine
atmosphere shows no statistically
significant trends after 1980. The
available data do show, however, a
complex Southern Hemisphere
interannual variability, which also
complicates estimations of a long-
term trend.

PRECURSOR GASES FOR
STRATOSPHERIC OZONE
DEPLETION

Many gaseous species have signif-
icant anthropogenic sources that
can either directly or indirectly
affect global-scale stratospheric
or tropospheric ozone abun-
dances. The most significant spe-
cies for stratospheric ozone loss
are CFC-11, CFC- 12, HCFC-22,
CFC-113, the halons, carbon tet-
rachloride, and methyl chloro-
form. Nearly all of these are infra-
red radiative absorbers and, thus,
are also potentially important for
greenhouse climate warming. In
the 1986-1988 issue of The Global
Climate System review, a com-
prehensive table (Table 1 on page
44) was presented for the concen-
trations, growth rates, and life-
times (as of 1987) of the trace
gases that can directly or indi-

Figure 11.3 - Long-term observations of methane mixing ratio (ppbv) from three mea-
surement programs, reported by Fraser et al. (1991).
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rectly affect atmospheric ozone; The growth rates for most of
updated data on global trends and these gases, and especially for
tropospheric concentrations are those with long lifetimes, did not
listed in Table 11.1. significantly change during the

Table 11.1 - Global trends and tropospheric concentrations of vari-
ous source gases for 1989; adapted from Megie (1989) by Fraser et
al. (1991).
Source Gas mﬁm . Increase 1989 Yolyear
CH, 1689 x 10° (12-14) x 10° 0.7-0.8
H. 515 x 10° (2.7-3.7) x 10° 0.5-0.7
N,O (307-308) x 10° (0.6-0.9) x 107 0.2-0.3
(6{0] NH (100-150) x 104 (0.4-1.2) x 107 0.3-1.0

SH (50-60) x 10° 0 0
CO, 352.2 x 10¢ 1.6 x 10¢ 0.5
CH, NH 0.6-1.2
CCLF; 453 16.91-18.2* 3.7-4.0
CCLF 255-268 9.3-10.1 3.7-3.8
CCLFCCIF, 64 5.4-6.2 9.1
CCIF,CCIF, 15-20 -1 ~6
CCLFCF, -5 ~03 -6
CCIF, ~5
CCl, 107 1.0-1.5 1.2
CH,CCl, 135 4.8-5.1 3.7
CHCIF, 110 5-6 6-7
CH.CI 600
CHCL, ~ 10
CH.Cl, ~35
CCLCCl, ~30
CH.CICH.CI ~35
CHCICCL, ~10
CH:Br 10-15 ?
CH:Br, 2-3
CHBr, 2-3
CH.BrCl 1-2
CHBr.Cl 1
CHBrCl, 1
C.H,Br. 1
C.H:Br 2-3
CBrF, 1.6-2.5 0.2-0.4 15
CBrCIF, 1.8-35 0.4-0.7 20

* Data subject to revision; significantly lower trends may result.

last three years. For example, the
rates of CFC-11 (CCLF) and
CFC-12 (CCLF.), the two most
important gases for stratospheric
ozone depletion, remained about
4% per year. However, CFC-113
(CCLLFCCIF,) was a significant
exception, showing an increasing
rate of about 9% per year (see
Figure 11.4). This species, which
is primarily used in the micro-
electronics industry, is now
increasing at a rate of about 9%
per year. Measurements of
CFC-113 made at Hokkaido,
Japan, by Makide et al. (1987) of
the University of Tokyo (as
reported in Fraser et al., 1991)
showed a mean annual increase of
7.9 ppt for 1987-1990 compared
with only 5.5 ppt for the longer
period, 1979-1990.

In September 1987, the Montréal
Protocol on Substances that Deplete
the Ozone Layer was adopted by the
United Nations and subsequently
ratified by some 70 nations. It
required the nations to reduce their
use of CFCs by 50% by the year
2000. In 1990, after more data
became available on global ozone
depletion, the Protocol was
amended to strengthen its terms,
including more chemicals to be
controlled and a total phase-out of
CFCs, halons, and other major
ozone-depleting substances. A fund
was also established to assist devel-
oping nations to identify their use of
ozone-depleting species and to
implement new technologies. None-
theless, despite these ineperiant and
far-reaching agreements, the atmo-
spheric concentrations of CFC-11
and CFC-12, because of their very
long atmospheric lifetimes, will still
be significant (30-40% of current
values) for at least a century (Wat-
son et al., 1990).




>
Figure 11.4 - Observations of
CFC-113 mixing ratio (pptv) in the
Northern Hemisphere (30-90°N),
1980-1990, from three measure-
ment programs, reported by Fraser
el al. (1991).
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The aerosols injected into the atmosphere by the eruption of Mount Pinatubo contributed to drammatic sunsets
Photo Grant W. Goodge

[ THE ERUPTION OF MOUNT PINATUBO

The cataclysmic eruption of Mount Pinatubo (15.14°N, 120.35°F) in the Philippines on June
14-15,1991 made the greatest volcanic impact on the stratosphere ever observed by satellite instru-
ments. The eruption yielded an estimated 20 to 30 megatonnes of total H,SOJ/H,O aerosol mass,
which is about three times that produced by the 1982 El Chichon eruption. The massive amounts
of SO,, dust, ash and other volcanic effluents created stratospheric clouds to altitudes of greater than
30 km, although most of the clouds were between 20 and 25 km. Stratospheric temperatures
increased at altitudes where the cloud resided as a result of the absorption of upwelling infrared radi-
ation. For example, in September increases as much as 3.5°C occurred at 30 hPa at some locations
between the equator and 30°N.

The Advanced Very High Resolution Radiometer onboard the NOAA 11 polar-orbiting environmen-
tal satellite provided an exceptional opportunity to observe the aerosol optical thickness (AOT) of
Mount Pinatubo’s stratospheric aerosol layer. AOT is proportional to the intensity of reflected solar
radiation. The greater the optical thickness, the greater the amount of reflected solar radiation. Daily
and weekly composites of AOT show that the volcanic aerosol layer circled the Earth in 22 days,
and most of the early aerosol was confined to the tropics. By August, the entire Southern Hemisphere
had experienced a 10-fold increase in optical depth relative to early July due to the layers above 20
km. The layer covered about 42% of the Earth’s surface area, over twice the area covered by the El
Chichon aerosol layer two months after its eruption.

Scientists from NASA's Goddard Space Flight Center have suggested that the global shield of strato-
spheric aerosols caused by Pinatubo will probably have an opacity that exceeds that of any volcanic
eruption during the past century. The GISS global climate model forecasts intense aerosol cooling
to begin in 1991 and to maximize late in 1992. The model predicts a return to record warm tem-
peratures in the later 1990s.

P
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The varying responses of snow
cover, ice extent and other
cryospheric variables to fluctua-
tions in climate makes them use-
ful indicators for monitoring
changes in the climate system
- and for revealing long-term cli-
mate trends. In linking climate
forcing and cryospheric response,
however, it is important to con-
sider differences in lag time
between those quantities that
respond rapidly to change, such
as lake ice and snow cover, and
those that respond more slowly
over decades or centuries, such as
continental ice-sheets and perma-
frost. Regional effects such as lat-
itude, elevation and climatic
regime are also important when

3
Figure 12.1 - Time series of normalized
snow-cover area anomalies for the
Northern Hemisphere, Eurasia and
North America, 1973-1991, smoothed
using a 12-month running mean (from
NOAA, Climate Analysis Center, Wash-
ington, DC).

considering climate forcing and
cryospheric response.

v

SNOW COVER

Snow cover is the most transient
and variable cryospheric form,
which can change the surface char-
acteristics of large land areas in just
a few days. Monitoring the extent
and albedo of snow cover, and more
recently its water equivalent on a
continental or hemispheric scale
has greatly improved with the
advent of satellite observing sys-
tems. Figure 12.1 is a satellite-
derived, 18-year time series of snow
cover area anomalies, spanning the
vears 1973 to 1991, for the North-
ern Hemisphere, North America

and Eurasia, smoothed by a
12-month running mean. The data
show considerable variability from
year to year, with a range of about
+10 to 15%. Since 1985-1986, there
has been a suggestion of a down-
ward trend, especially in the spring
after 1987, with 1990 showing a
markedly depleted hemispheric
snow cover, unlike any other full
year since 1973 (Robinson et al.,
1991). Every month in 1990 had
below normal coverage, and the
year was about 8-10% below the
annual average. Statistical analyses
between snow cover extent and the
air temperature records for land
areas suggdest a causal association,
but Barry (1991) cautions that it
would be premature to conclude
that one actually exists.
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Figure 12.2 - Time series of normalized mean monthly sea-ice extent anomalies for the
Arctic and Antarctic, 1973-1991 (from NOAA, Climate Analysis Center, Washington, DC).

A4

SEA ICE

Records of sea-ice amount and
concentration have long been
used as climatic indicators. Rea-
sonably consistent sea-ice data for
polar regions are available from
satellites back to 1973. Fig-
ure 12.2 shows the sea-ice extent
in the Arctic and the Antarctic,
expressed as standardized anoma-
lies with respect to the 1973-1991
mean. For both polar regions over
the period, there is no consistent
trend in sea-ice extent. Both Arc-
tic and Antarctic sea-ice coverage
fluctuated about the mean. It is
apparent that Antarctic sea ice
has shown less year-to-year varia-
bility since 1988 than for any pre-
vious review period. In the Arctic,
the recent period is characterized
by below average sea ice.
Weatherly, et al. (1991) confirm
that below normal sea-ice cover-
age in Antarctica is associated
with higher than normal air tem-
peratures. Although the average
trends in both sea-ice extent and
temperature between 1973 and
1987 were not statistically signifi-
cant, some regional and seasonal
trends were large (winter and
summer temperatures became
warmer, whereas spring tempera-
tures became colder). The
authors found evidence for a com-
plex feedback between sea-ice and
air temperature, suggesting that
summer temperatures “precondi-
tion the near-surface waters, thus
predisposing them to above or
below normal ice coverage in the
following autumn or winter”.
Figure 12.3 shows the annual
variability in maximum sea-ice
extent for the Baltic Sea over 270
winters from 1720 to 1990. The



Figure 12.3 - Maximum ice extent of the
Baltic Sea during winter, 1720 to 1990
(from Institute of Marine Research, Fin-
land).

>

smoothed data (not shown here)
showed a slightly increasing trend
during the Little Ice Age around
1800, followed by a slightly
decreasing trend till about 1900,
after which no apparent trend can
be detected. During the review
period both very mild and very
severe winters occurred. In 1988,
the second mildest winter with
respect to ice coverage occurred,
in sharp contrast to 1986, one of
the 20 severest on record.

Figure 12.4 is a time-longitude
chart of monthly ice conditions
along the northern sea route of the
former territory of the Soviet
Union from January 1988 to
August 1991, using a composite
analysis of airborne, satellite, ship
and observing-station data. The
shaded area depicts ice-breaker
navigation conditions (concentra-
tion greater than 50% and ice
thickness greater than 15 cm). The
most favourable ice conditions
occurred in 1990 east of 110°E
when generally open ice conditions
lasted 80 to 130 days. Some of the
worst, unexpected ice conditions
occurred in the warm months of
1989 and 1991 in the vicinity of
Severnaya Zemlya (100°E).

>
Figure 12.4 - lce conditions for the
North seaway route in the Russian Fed-
eration near Severnaya Zemlya (100°F)
for 1988-1991 (from Institute for Global
Climate and Ecology, Moscow).
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Figure 12.5 - Mean ice-season duration
(days) for lakes in the Manitoba-Ontario
region of Canada (Skinner, 1991).

[

LAKE ICE

Freeze-up and breakup records
from lakes in middle to high lati-
tudes provide a useful index of
temperature trends in the transi-
tion seasons. Lake-ice time series
for 20 or more years of data across
western and central Canada illus-
trate a tendency during the 1980s
toward earlier breakup of the ice
cover (figure 12.5). The duration
of the ice-free season has
increased by upwards of 20 days
over 30 years, mainly because of
earlier breakup dates in the
spring — a consequence of
warmer spring temperatures and
reduced snow cover.

Lake-ice duration analysis for
southern Finland also reveals a
close relationship with air tem-
peratures at Helsinki since the
mid-nineteenth  century (not
shown).

Reliable monitoring of lake-ice
coverage for Lake Ladoga dates
from the end of the nineteenth
century; however, reliable and
regular airborne/satellite observa-
tions only began in 1960. Fig-
ure 12.6 shows the dates of total
ice coverage for the most recent
three winters, which were gener-
ally mild, although 1990-1991
was close to normal.
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Figure 12.6 - Total ice coverage (including drift ice) on Lake Ladoga for three recent
winters and for an average period (1960-1987) (from Hydrometeorological Centre,
Moscow).

Figure 12.7 - Estimated number of icebergs south of latitude 48°N (off Newfound-
land) 1945-1946 to 1990-1991 (from International Sea Ice Patrol).
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LAND ICE

No conclusive evidence is availa-
ble on whether the massive
Greenland and Antarctic ice-
sheets are growing or shrinking.
Although the Antarctic ice-sheet
appears to be growing, the Green-
land sheet appears to be in equi-
librium. Speculation exists that
climate warming has increased
the amount of calving from the
Greenland and Ellesmere Island
glaciers, thus increasing the
number of icebergs along the
northwest Atlantic Coast.

Photo Grant W. Goodge
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SELECTED ANALYSES OF
OCEAN VARIABLES DURING
THE REVIEW PERIOD

With their large heat capacity and
mobility, oceans are the world’s
great heat reservoirs and heat
exchangers and the source of
much of the moisture that falls as
rain and snow. Sea surface temper-
atures (SST) and their associated
heat and moisture fluxes generate
atmospheric convection and winds
and affect weather events like
storms and hurricanes. Oceans are

also a source of and a sink for car-
bon dioxide and other greenhouse
gases. The vastness of the oceans
alone, covering almost three quar-
ters of the Earth’s surface, ensures
them a vital role in the dynamics
of the atmosphere.

In order to understand and
model quantitatively the global cir-
culation of the ocean, and to make
the best predictions of weather and
climate on time-scales from days to
months to decades, we need a full
description of the state of the ocean
and its variability.

However, in spite of the recog-

nition of the importance of the
oceans for climate dynamics, a
description of the state of the oce-
anic circulation is inadequate for
several reasons: the measurement
problems are formidable, the
operational measurements are
too few, the processes are not well
understood, and the modelling is
difficult and complex.

In recent years several opera-
tional ocean monitoring global
measurement and data manage-
ment systems have been estab-
lished by several organizations
around the world. Figure 13.1
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ES
Figure 13.1.2 - Anomalies of heat stor-
age (integrated temperature) along the
equator in the upper 408 m of the
Pacific Ocean. The contour interval is
10* cm °C, with light (dark) shading for
anomalies greater than 10° cm °C (less
than -10° cm °C). Anomalies are com-
puted with respect to the 1985-1990
base period (NOAA, Climate Analysis
Center, Washington, DC).

>
Figure 13.1.3 - Sea surface temperature
anomalies along the equator in the
Pacific Ocean. The contour interval is
1°C with light (dark) shading for anoma-
lies greater than 1°C (less than -1°C).
Anomalies are computed with respect
to the 1985-1990 base period (NOAA,
Climate Analysis Center, Washington,
DQC).
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Figure 13.1.4 - Mean monthly outgoing long wave radiation (OLR) for May 1991 as
measure by the NOAA-9 AVHRR IR window channel by NESDIS/SRL (top). Data are
accumulated and averaged over 2.5° areas to a 5° Mercator grid for display. Contour
intervals are 20 Wm, and contours of 280 Wm-? and above are dashed. The mean
monthly outgoing long wave radiation anomalies (bottom) are computed as depar-
tures from the 1979-1988 base period mean. Contour intervals are 15 Wm2 (NOAA,

Climate Analysis Center, Washington, DC).

features a selected analysis of ocean
climate fields for the review period.

At the end of the review period,
the depth of the 20°C isotherm
(Figure 13.1.1) had increased east
of 160°W and depth anomalies
became positive. This was accom-
panied by an increase in the
upper oceanic heat storage in the
eastern equatorial Pacific (Fig-
ure 13.1.2) These features are
consistent with the observation
that the thermocline in the equa-
torial Pacific shoaled in the west
and deepened in the east. Begin-
ning in April 1991, SST anomalies

increased dramatically over the
eastern half of the equatorial
Pacific (Figure 13.1.3 and 13.1.4).
Figure 13.2 is an analysis of
SST anomalies for April 1991 as
analysed from satellite data by the
National Meteorological Centre
(Bureau of Meteorology) in Mel-
bourne. The data confirm a signif-
icant cooling in the Pacific Nifo 1
& 2 area SST and a warming of
western Pacific Nifo 4 area SST
— with anomalies remaining
within 2°C of the average. Around
the Australian continent, SSTs
were near the climate average.
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Figure 13.2 - Sea surface temperature anomalies (°C) for April 1991 derived from satellite observations (National Meteorological Cen-
tre, Bureau of Meteorology, Melbourne).
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Figure 13.3 - Time series of regionally e 1 NORTH ATLANTIC -
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North Atlantic Ocean (top) and the ] 3
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Figure 13.4 - Time-latitude section of monthly, mean SST (°C), averaged for each latitude within the North Atlantic (top) and
North Pacific (bottom) oceans. 1957-1980 normal values (°C) (from the Institute for Global Climate and Ecology, Moscow).

Figure 13.5 - Anomalies relative to the 1957-1980 normal values for the period December 1988 to May 1991.
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Oregon Coast, USA

SEA SURFACE
TEMPERATURES IN THE
NORTHERN WATERS OF THE
ATLANTIC AND PACIFIC
OCEANS

Figure 13.3 shows an analysis of
monthly mean SST anomalies
over the northern regions of the
Atlantic and Pacific oceans, using
a 5° x 5° grid from 1957-1990.
Anomalies are relative to the base
period 1957-1980. The Pacific
Ocean time series shows positive
anomalies for the review period

and a maximum in 1989-1990.

The time-latitude section for
the North Atlantic Ocean (Fig-
ure 13.4) shows positive anoma-
lies during the last 2-1/2 years in
mid-latitudes, negative anomalies
in high latitudes and two noticea-
bly cold periods in low latitudes
i.e., during the first half of 1989
and since March 1991.

For the Pacific Ocean time
series, positive anomalies prevailed
for the entire period. The warmth
was especially pronounced in mod-
erate latitudes from November
1990 to April 1991.

Photo Grant W. Goodge
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Figure 14.1 - Elevation (m) of the
Caspian Sea: (A) annual average for
the period 1840 to 1990 from rec-
orded data, and (B) for the last mil-
lennium from proxy data. Restored
data have been calculated by means
of the water balance equation taking
into account the water withdrawn
for consumptive use from runoff to
the sea (from All-Union Research
Institute of Marine Fisheries and
Oceanography).

B

>
Figure 14.2 - Mean annual eleva-
tions (m) of the Great Lakes from
1860 to 1991 (from NOAA, Great
Lakes Environmental Research Lab-
oratory, Ann Arbor, Mich.).

EXTRAORDINARY RISE IN
THE CASPIAN SEA LEVEL

The Caspian Sea level is consid-
ered to be a good indicator of cli-
mate change. Extremely low lev-
els during the medieval warming
and extremely high levels during
the Little Ice Age, as well as
smaller-scale events, are in good
agreement with this general rule.
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In 1977, the Caspian Sea level
reached its lowest recorded value
of 29 m below sea level (Fig-
ure 14.1). Such a low value has not
been observed since at least the
fourteenth century. However, later
the long downward trend that
accelerated in the 1930s reversed,
and started to rise. The rise has
continued with only a temporary
reversal in 1989. Under natural
conditions (i.e., if some of the run-

off to the sea is not withdrawn for
consumptive use, an amount esti-
mated to be about 40 km?/year) the
Caspian Sea level would be as high
as before its catastrophic drop in
the 1930s.

An analysis of monthly means
of Volga runoff for January to May
1991 shows that runoff in each
month exceeded that observed in
1990, The total runoff for the first
five months in 1991 reached

LEVELS

L.

DRAMATIC RISE IN CASPIAN SEA
GREAT LAKES REMAIN AT NEAR-NO
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188 km® (compared with 152 km?
in 1990), which is 80% of the
long-term annual mean. This
spring flood was one of the most
severe for several decades.

GREAT LAKES REMAIN AT
NEAR-NORMAL LEVELS

The North American Great Lakes
are one of the world’s major water
resources, containing about 20%
of the world’s freshwater supply.
The Great Lakes system, compris-
ing lakes Superior, Michigan,
Huron, St. Clair, Erie, and
Ontario, along with their con-
necting channels, includes an
area of about 766,000 km2 One
third of the system area is lake

surface. Two of the lakes, Supe-
rior and Ontario, are regulated
with control structures at their
outlets. The remainder of the sys-
tem is naturally well regulated
owing to the large lake surface
areas and constricted outlet chan-
nels. Historically this has resulted
in small lake-level fluctuations,
about 1.8 m. The lake levels have
also been modified slightly over
the past 100 years by dredging in
the connecting channels and by
inter- and intra-basin diversions.

The Great Lakes water levels
have been gauged since the early
1800s. Continuous water level
measurements at the master
gauge on each lake, except for
Lake St. Clair, are available since
1860. These levels provide one of

the longest time series of contin-
uously measured hydrometeoro-
logical data in North America.
They integrate short-period cli-
mate variability and serve as
excellent indicators of longer-
period water supply variations
and climate change.

The annual lake level time series
is shown in Figure 14.2. There have
been three distinct lake level
regimes over the past 130 years: a
relatively high regime ending in the
1880s, a low regime lasting from
the mid-1880s until about 1940,
and a high regime from about 1940
to 1986. From December 1988 to
May 1991 the lake levels fluctuated
near their long-term means. This
was the longest period of near-
mean water levels since the 1960s.

GREAT LAKES WATER LEVELS — JULY 1991
LAKE m"mf&% :’:‘\I‘(I;iEL-‘.{);i;‘;EIR;B é:!'omuu' coﬂm{}:ﬁ&’lw
Superior 8 cm below 12 ¢cm above
Michigan-Huron same 14 cm above
St. Clair 18 cm above 9 cm above
Erie 18 c¢cm above 5 cm above
Ontario 5 cm above 3 c¢cm above




Tropical forests are disappearing
more than 50% faster than a dec-
ade ago, with the Earth annually
losing forests equal in size to
Austria, Denmark and the Nether-
lands combined. According to the
Forest Resources Assessment Pro-
ject* of the Food and Agricultural
Organization of the UN (FAO), 17
million ha of tropical forests are
lost to development each year. Dur-
ing the 1980s, about 70% of all
deforestation occurred in dense

*) For further information contact:
Forest Resources Assessment 1990
Project, FAO, Via delle Terme di
Caracalla, 00100 Rome, Italy.

rain forests of Latin America, Asia
and the Pacific Ocean. Loss of trop-
ical forests results in extinction of
plants and animal species, waste of
forest resources, and encroachment
of deserts into once-fertile regions,
and could contribute to long-term
global climate changes.

Forest resource appraisals are
made by FAO on a worldwide basis
to provide reliable and globally con-
sistent information about the cur-
rent state of the tropical forest
cover and about recent trends of
deforestation and forest degrada-
tion. FAO's Forest Resources
Assessment Project is carrying out
the assessment in two complemen-

Photo FAO

tary phases: (I) the compilation of
existing survey data to the reference
year 1990; and (II) the monitoring
of tropical forest cover and its
changes using remote sensing.

Table 15.1, based on Phase I
studies, lists revised estimates of
forest cover area and rates of
deforestation at a subregional
level. The figures are based on
existing survey data and must be
considered provisional since more
information is expected for some
of the countries, particularly,
within Africa.

Forests are defined as vegetal for-
mations with a minimum of 10%
crown cover of trees (minimum

INCREASING TROPICAL FOREST
IDEPLETION AND DESERTIFICATION
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Table 15.1 - Preliminary estimates of forest area and rate of deforestation for 87 countries in the tropical
regions (revised 15 October 1991) (FAO Forest Resources Assessment 1990 Project).

NUMBER OF RATE OF
SUB-REGION CONTRIES | TOTAL LAND AREA | FOREST AREA 1950° | FOREST AREA 1990 Frresshr i cHANGE
LATIN AMERICA 32 1 675 700 923 000 839 900 8 300

1 Central America and 7 245 300 77 000 63 500 1 400

Mexico

2 Caribbean Sub-Region 18 69 500 48 800 47 100 200 -04

3 Tropical South America 7 1 360 800 797 100 729 300 6 800 - 0.8

ASIA 15 896 600 310 800 274 900 3 600 -12

4 South Asia 6 445 600 70 600 66 200 400 - 0.6

5 Continental South-East 5 192 900 83 200 69 700 1 300 - 1.6

Asia

6 Insular South-East Asia 4 258 100 157 000 138 900 1 800 -1.2

AFRICA 40 2 243 400 650 300 600 100 5 000 -08

7 West Sahelian Africa 8 528 000 41 900 38 000 400 -09

8 East Sahelian Africa 6 489 600 92 300 85 300 700 -0.8

9 West Africa 8 203 200 55 200 43 400 1200 -21

10 Central Africa 7 406 400 230 100 215 400 1500 - 0.6

11 Tropical Southern Africa 10 557 900 217 700 206 300 1100 -05

12 Insular Africa 1 58 200 13 200 11 700 200 -12

TOTAL 87 4 815 700 1 884 100 1 714 800 16 900 - 0.9

* Figures may not tally due to rounding.

height 5 m) and/or bamboos, gen-
erally associated with wild flora,
fauna and natural soil conditions,
and not subject to agricultural
practices. Deforestation refers to the
change of land use or the depletion
of crown cover to less than 10%.
In Asia, forest cover area and rate
of deforestation are both lower than
in Latin America and Africa owing

to the use of new data obtained for
India and Myanmar in 1991. In
Latin America, the estimates are
higher since the whole of Brazil
was included (previous estimates
were limited to tropical moist
zones, viz. Northern Brazil). For
Africa, the assessment was com-
pletely reviewed using new data for
several countries. The present esti-

mates for rate of deforestation are
lower for the moist zone. Major
efforts are being made to secure an
up-to-date and adequate database.
The differences between the
present (1990) and FAO/UNEP
(1980) assessments are indicated
by the following summary statis-
tics for 76 countries common to
the two assessments (Table 15.2):

Table 15.2 - Estimated values for reference year (1980)

AVERAGE ANNUAL
Wionsh | oeossendion | NVELSTED
(MILLION HA)
FAO/UNEP(1980) 1935 11.3 0.6 (1976-80)
FAO - Forest Resources
Assessment (1990) 1882 16.9 0.9 (1981-90)




LANDSAT image of
southeast Amazonia,
containing the Tucurui
Hydroelectric Power Plant.
Huge tracks of tropical
vegetation were denuded
during the construction of
dam, lake and new
settlements. More than
230,000 ha of forest cover
was removed through other
development activities.

No measures were taken to
prevent soil erosion and
lake silting.

TROPICAL DEFORESTATION AND CLIMATE

Transformation of the tropical forest into pastures or other types of short vegetation will cause
changes in the microclimate of the disturbed areas. Changes will occur in albedo and in energy and
water balances.

A joint Anglo-Brazilian microclimate experiment was set up 80 km north of Manaus in order to
compare the climate of a tropical forest with that of a pasture field that had replaced the forest. The
data for 1990 showed that deforestation had a significant impact on the local climate. The reflected
solar radiation (albedo) was 13% over the forest and 17% over the pasture. This translates into less
energy over the pasture for use in evaporation and for heating the air. After a rainstorm the pasture
evaporation was 5 mm a day, consuming about 75% of the available energy, a rate quite similar to
the forest’s.

However, after a 20-day dry spell, the pasture evaporation decreased to 2.5 mm a day or 55% of
the available energy, whereas the forest's remained nearly constant. The average daily maximum air
temperature was nearly 3°C high'ef for the pasture, compared to the forest.

If the size of the perturbed area is sufficiently large, the climate of nearby and even distant regions
may be altered, depending on the scale of the alterations. It is not yet possible to predict accurately
the regional climate changes associated with the observed patterns of deforestation by means of
climate model simulations.

Simulation of Amazonia’s large-scale deforestation using general circulation models suggests an
increase in surface and soil temperatures and in the diurnal fluctuations of temperature and specific
humidity deficit, and a reduction in evapotranspiration. In addition, the yearly averaged
pmlpltatton and runoff decreased more for the pasture vegetation than for the forest.

The impacts of large-scale deforestation on the global climate are still unknown. To understand and
predict any possible large-scale climate change due to tropical deforestation, it is crucial to know
to what extent the rainfall patterns will change when rainforests are converted into grasslands. It is
well known that the tropical regions function as atmospheric heat sources through the release of
latent heat of condensation in convective clouds, which drives the large-scale tropical circulations.
Deforestation may also influence the chemistry of the atmosphere, by altering the exchange rates of
greenhouse gases.

For an excellent discussion of tropical deforestation and its impacts on local, regional and global
climates see the special issue of Climate Change, Vol. 19, Nos. 1-2, September 1991, edited by
Norman Myers.
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In addition to studies on defor-
estation, work progresses on
assessing forest degradation. Indi-
cations are that biomass loss in the
tropical forest is occurring at a sig-
nificantly higher rate than the rate
of area loss due to deforestation. A
recent assessment of the Brazilian
Amazon forest by scientists with
the Space Research Institute at
Manaus, Amazonas, Brazil, using
LANDSAT imagery, showed an
average annual deforestation rate
of 2.2 million ha during the period
1978 to 1989. These rates
decreased to 1.9 and 1.4 million ha
during the periods 1988-1989 and
1989-1990, respectively. The total
area deforested to date is 41.5 mil-
lion ha, which represents 10.9% of
the area originally occupied by the
Brazilian forest.




DECEMBER 1988 TO
FEBRUARY 1989

This period began with a peak in
the high index phase of the
Southern  Oscillation,  which
proved to be the strongest since
1975. In southern Africa, where
nearly all of the annual rainfall
occurs from October to March,
the 1988-1989 seasonal precipita-
tion was mostly above normal and
evenly distributed temporally
across much of the area. The
abnormally mild winter regime of
late 1988 persisted across Siberia
into 1989 and also occurred in
northern Europe, where tempera-
ture departures as high as 21°C
were recorded in February.
Unusually dry and warm weather
persisted into the beginning of
1989 in both Argentina and Uru-
guay, with some relief in late Jan-
uary. Similarly, very dry condi-

20E

tions prevailed throughout the
eastern United States and south-
western Canada.

MARCH, APRIL AND
MAY 1989

The Southern Oscillation Index
continued to decrease during this
period. The above normal temper-
atures lasted into May in much of
Asia and until April in Northern
Europe. Over much of South
America, the very hot, dry
weather continued into March,
and although scattered showers
fell in April, the long-term precip-
itation deficits remained while
the dry season began in May. Very
high temperatures were also rec-
orded in northern Mexico and the
southern United States. Central
and southern Europe experienced
the warmest March on record, but
the warm conditions ended in
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Figure 16.1 - European record high-temperature departures from normal in tenths of °C
during March 1989 (NOAA, Climate Analysis Center, Washington, DC).

April. Above normal precipitation
dominated portions of Australia
for the entire period.

JUNE, JULY AND
AUGUST 1989

In the tropical Pacific, SST anom-
alies increased, setting the stage
for a warm episode, while low-
level easterlies decreased. The
above normal temperatures
returned to Europe in mid-July
while a persistent southerly flow
kept feeding warm tropical air
over the continent.

Finally rains diminished in Aus-
tralia and returned to parts of Can-
ada and the United States. A marked
lack of convective activity dominated
the Caribbean in 1989. In India, the
monsoon season was excellent com-
pared with that of 1988, but July
cyclones lashed the west coast with
rains, floods and high waves. In the
African Sahel, 1989 marked the sec-
ond consecutive year of normal
rainfall. Ghana and Nigeria were
beset by heavy flooding during the
last week in August.

A

SEPTEMBER, OCTOBER AND
NOVEMBER 1989

The Southern Oscillation Index
continued to fall. The 1989-1990
rainy season in southern Africa
began with ample amounts of pre-
cipitation and, as in the Sahel
region, this marked two consecu-
tive years of sufficient rainfall.
Heavy precipitation fell on Japan
and the Republic of Korea at the
beginning of September, accompa-
nying two tropical storms, with
several areas reporting the wettest
September on record. Hurricane

CHRONOLOGICAL SUMMARY OF CLIMATE
ANOMALIES - DECEMBER 1988 TO MAY 1991
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Hugo brought heavy rains and dev-
astation to the Caribbean and por-
tions of the southeastern United
States. In November, unusually wet
weather developed across north-
eastern Australia.

The persistent warm weather
started again in portions of
Europe after a cooler September.
In contrast, record-breaking cold
and heavy snows signalled an
early winter for much of North
America. In the middle of Novem-
ber, Alaska and northwestern
Canada became extremely cold.

DECEMBER 1989 TO
FEBRUARY 1990

Very dry conditions spread gradu-
ally across south-central and
southeastern Europe in January
and February when severe storms
afflicted northern Europe. Much
of southern Europe received less
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than 75% of normal precipitation
from October 1989 throughout
this time period. In December,
several European areas experi-
enced record-breaking warmth,
while record-breaking cold con-
tinued in North America.

Conditions in the Pacific con-
tinued to evolve toward a warm
ENSO episode that never became
entrenched. In February, the SOI,
during its downward trend,
reached its lowest value since
1982-1983. However, no persist-
ent intense convection developed
in the equatorial central Pacific.

Torrential rains, as much as
350 mm during one week, fell
across southeastern Africa and
Madagascar in January and Feb-
ruary. Brazil was very wet at the
beginning of the year, while in
Australia a year that would be
characterized by alternating wet
and dry spells began quite dry in
the northern regions.

145E

140E

MARCH, APRIL AND
MAY 1990

In March, the SOI was still
strongly negative but it reversed
its downward trend for the first
time in more than a year. Stron-
ger convective activity started in
the central Pacific, and SSTs and
their warm anomalies began an
increase that would last most of
the year. These conditions contin-
ued to signal the possible begin-
ning of a warm ENSO episode.

Abundant rainfall covered the
southwest Pacific by early March,
ending the prolonged dry regime.
Later in the month tropical storm
Ivor produced heavy rains, which
generally continued in northeast-
ern Australia in the form of trop-
ical thunderstorms, producing
some of the worst flooding of the
century.

Heavy rains fell in April and
early May across equatorial Africa.
Over much of northern Africa and
the Sahel, unusually dry condi-
tions prevailed.

Very warm weather spread
across northern Asia in March
and April as part of an overall pat-
tern that dominated the Northern
Hemisphere. The 1990 Indian
monsoon started slightly ahead of
schedule, preceded by one of the
most intense cyclones of the dec-
ade along the southeast coast of
India in May.

In Brazil a drier regime began
for most of March, but rain from
severe thunderstorms fell in early
April. Later drier weather occurred

-

Figure 16.2 - Percentage of normal pre-
cipitation in Japan from August 1 to Sep-
tember 23, 1989 (NOAA, Climate Analy-
sis Center, Washington, DC).



across most of Uruguay and por-
tions of Argentina and Paraguay,
lasting during May. Long-term
dryness persisted across
Hispaniola, Puerto Rico and
much of the Caribbean.

4

JUNE, JULY AND
AUGUST 1990

Positive SST anomalies persisted
along with a weakening of the
equatorial easterly winds. The
SOI with its slight upward trend
was the only indicator against a
developing warm episode.

In Africa, the Sahel rainy season
(1 May to 30 September) was hot
and dry, except for a short wet spell
at the beginning of July, and bore

little resemblance to the more
favourably moist seasons of 1988
and 1989, Exceptionally dry
weather dominated much of the
eastern, northern and extreme
western Sahel.

August rainfall in southeastern
areas of South America was not
enough to overcome the persist-
ent excessive dryness. Dryness
also affected northern North
America, and combined with high
temperatures led to the third
worst wildlife season ever rec-
orded in Alaska. In Europe, also, a
heat wave persisted during most
of July and August, accompanied
by abnormally dry conditions.

In Asia, typhoons that began in
late July affected many areas in
much of the Indian subcontinent.

The monsoon produced very
heavy rains and flooding that con-
tinued in July, diminished in early
August and returned later in the
month to northeastern India,
spreading farther west and caus-
ing widespread floods and land-
slides.

SEPTEMBER, OCTOBER AND
NOVEMBER 1990

Despite increasing positive SST
anomalies throughout the equa-
torial South Pacific Ocean, a sig-
nificant warm ENSO episode did
not materialize toward the end of
1990. Convective activity was only
slightly greater than normal, and
the SOI averaged near zero.

Southeastern  Africa  was
plagued by abnormally dry
weather as seasonal rains were
absent. In constrast, the rainy
season in southeastern South
America began in earnest with
heavy rainfalls across eastern
Argentina, Uruguay and southern
parts of Brazil and Paraguay.
Across Japan, torrential rains and
strong winds  accompanying
typhoon Flo in September caused
severe flooding and landslides.
Dry weather followed, until ter-
minated by typhoon Page in late
November.

Unseasonably warm weather
returned to much of Europe dur-
ing late September and early
October, but the dry weather in
southern Europe was relieved
somewhat by moderate to heavy
rains along the Mediterranean
shores in October, when a signifi-
cant six-week wet spell was end-
ing in northeastern Europe.
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DECEMBER 1990 TO
FEBRUARY 1991

The weak central Pacific warm
episode persisted while the depth
of the thermocline and the upper
ocean heat content remained
greater than normal, although
SST anomalies decreased.

December brought cold weather
and unusually heavy snowfalls
throughout a significant portion of
continental Europe, although
some of Scandinavia remained free
of snow cover.

In southern Africa, excessive
rains in late January followed a
slow beginning to the rainy season.
In central South America, the mid-
dle of the rainy season was dry and
January light rains did little to
reduce moisture deficits. In south-
eastern South America, however,
primarily favourable rains provided
sufficient moisture for most crops.
The west coast of North America
endured its fifth consecutive

abnormally dry rainy season when
January and February had excep-
tionally low precipitation. Eastern
sections of Asia and much of the
southwest Pacific also began 1991
with dry weather, although the
only Southern Hemisphere grow-
ing region to experience wide-
spread, season-long dryness was
southeastern Australia.

MARCH, APRIL AND
MAY 1991

The tragic event in this time
period was the late April cyclone
that swept across Bangladesh
with six-metre waves and 270
km/h winds, claiming nearly
125,000 lives.

Positive SST anomalies increased
in many sections of the tropical and
eastern Pacific, as well as in the
eastern equatorial Atlantic and cen-
tral tropical Indian Ocean. Atmo-
spheric circulation features, such as
the blocking pattern that developed

ot

Hurricane generated swell waves - West Coast of Maui, Hawaii

during April and May in the central
and eastern Pacific, were consistent
with these anomalies as indicators
of a developing warm episode,
which did occur toward the end of
1991. However, at the end of May
persistent strongly enhanced con-
vection was still lacking in the cen-
tral equatorial Pacific region.

Across west-central Africa some
areas received very little rainfall,
whereas. others were deluged.
March was exceptionally warm
across the western and central
Sahel.

In Europe, a very warm spell
during March persisted until late
April when a cold outbreak invaded
much of the continent causing
damage to France’s grape and fruit
crops.

In South America during March,
late season warm and drier
weather developed, but was ended
abruptly by heavy rains in mid-
April, which continued in the east-
central portion of the continent
throughout May.

Photo Grant W. Goodge



The 1980s were one of the most
remarkable climate decades in
recent history. At least three new
entries went into the world weather
record book. In Antarctica, a new
all-time low temperature of -89.6°C
was recorded at Vostok on July 21,
1983. Hurricane Gilbert, the most
powerful Atlantic hurricane of the
century, passed through the Carib-
bean and the Gulf of Mexico in Sep-
tember 1988, setting a new low-
pressure record of 88.8 kPa for the
Western Hemisphere. A few
months later, in January 1989, a
new high-pressure record for North
America, 107.5 kPa, was set at Nor-
thway, Alaska.

Not surprisingly, there were sev-
eral brief, localized and exception-
ally violent storms that produced
extensive wind damage, and in
some cases enormous floods. The
decade experienced some of the
worst summer droughts since the
1930s. Northern Hemispheric tro-
pospheric circulation patterns sug-
gest there have been small, but sig-
nificant, systematic shifts in the
hemispheric circulation patterns.

Over the years, tropical monsoon
rainfall amounts generally
decreased, whereas mid-latitude
precipitation may have increased.
The 1980s also saw some of the
largest year-to-year variability of
the twentieth century. In particular,
the Southern Oscillation was asso-
ciated with the strongest warm epi-
sode of the century (1982-1983)
and the strongest cold episode in 50
years (1988-1989),

But the biggest story of the
1980s was the growing public con-
cern about climate and atmo-
spheric change. The Antarctic
ozone hole was first reported in
1985, and similar Arctic deple-
tions were reported in 1986 and
confirmed in subsequent years.
The extent of these depletions and
the suddenness with which they
appeared focused attention on the
fragility of the atmosphere in a
way that few other events could
and brought new urgency to inter-
national attempts to cut back the
use of chlorofluorocarbons.

For the first time, a large seg-
ment of the public realized that
global warming could be a signifi-

cant and even imminent threat,
when heat and drought affected
many parts of the world. In the
United States, a heat wave in the
summer of 1980 was responsible
for more than 1200 deaths, and
wheat yields were reduced for
much of the decade by drought on
the northern plains. In Africa,
famine was widespread, especially
in the mid-1980s, when the long-
standing drought in the western
Sahel region intensified, and new
droughts developed in other areas,
notable Ethiopia. After an unbro-
ken string of more than 20 dry
years, the rains finally returned to
the Sahel in 1988, but as the 1980s
ended the spectre of drought and
famine loomed once again over
Ethiopia.

The eighties turned out to be
the warmest decade globally since
the first estimates of average
world temperatures were com-
piled in 1881. Indeed, seven of the
ten warmest years on record were
all in the 1981-1990 decade, with
1990 being the warmest ever.

) 4

MAJOR EXTREMES IN THE
SOUTHERN OSCILLATION
(WARM AND COLD
EPISODES) DOMINATED THE
INTERANNUAL VARIABILITY

Perhaps the strondest warm (EI
Nifo/Southern  Oscillation = —
ENSO) episode of the last century
occurred during 1982-1983. That
episode featured extreme flooding in
western Ecuador, coastal northern

THE 1980s - A REMARKABLE
DECADE FOR CLIMATOLOGY
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Figure 17.1 - Time-latitude section of zon-
ally averaged 500-hPa temperature
anomalies, computed with respect to the
1979-1988 monthly means. Contour
interval is 0.2°C (from NOAA, Climate
Analysis Center, Washington, DC).
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Peru, and southern California.
Australia suffered its worst
drought since the 1860s, and
drought also plagued northeast
Brazil, Indonesia and India.
Another warm episode occurred
during 1986-1987. Although
much weaker than the 1982-1983
episode, it was a moderately
strong event, which affected pre-
cipitation, temperature and atmo-
spheric circulation in many
regions. Following this episode, a
strong Pacific cold episode devel-
oped during 1988-1989, which
was one of the strongest cold epi-
sodes of the last 50 years. This epi-
sode featured enhanced precipita-
tion in the monsoons of India and
Australia, above normal rainfall in
northeast Brazil, and drought in
southern Brazil, Uruguay and cen-
tral Argentina. In contrast to the
enhanced strength of the subtrop-
ical upper-tropospheric westerlies
during warm episodes, the
strength of the subtropical wester-
lies was anomalously weak during
1988-1989 since the main belt of
westerlies shifted poleward of its
normal position. The northern
winters of 1988-1989 and
1989-1990 were characterized by
less than normal extratropical
cyclone frequencies and above
normal temperatures at many
mid-latitude locations.

Figure 17.1 is a time-latitude
section of the zonally averaged
500- hPa temperature anomalies
for the 1980s. The analysis is used
as an index of the tropospheric
heating and cooling associated
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with variations in the intensity of
tropical convective activity. Zon-
ally averaged positive anomalies
were observed in the tropics dur-
ing the two ENSO episodes of
1982-1983 and 1986-1987. How-
ever, it is apparent from Figure
17.1 that the cold episode of
1988-1989 also had a remarkable
impact on mid-tropospheric, tem-
peratures, with zonally averaged
anomalies of less than -1.4°C in
the tropical belt.

During periods of anomalously
warm or cold conditions in the
tropical mid-troposphere, the
mid-latitudes tend to experience
opposite temperature anomalies.
Thus, during warm (cold) epi-
sodes when the tropical mid-
troposphere is anomalously warm
(cold), the mid-latitude mid-
troposphere is anomalously cold
(warm). It is evident that the cold
episode of 1988-1989 affected the
tropical and extratropical mid-
tropospheric temperature anoma-
lies from early 1988 until early

1960 1980 2000

DECADE

1990 (a period of about two years).
During that period, the mid-
latitudes in both hemispheres
were dominated by anomalously
warm conditions.

A4

RECORD WARMTH

The 1980s (1981-1990) were the
warmest decade since comparable
records began in the mid-
nineteenth century, and in both
hemispheres were at least 0.2°C
warmer than all decades during
the twentieth century and at least
0.4°C warmer than its first two
decades (Figure 17.2). The
warmth was not evident every-
where but tended to be concen-
trated over land masses in the
Northern Hemisphere (Figure
17.3). Temperatures cooler than
the reference period’s were experi-
enced over Greenland, Iceland,
eastern Canada and portions of
the North Pacific Ocean. In the
Southern Hemisphere  the

Figure 17.2 - Average temperatures for each hemisphere |
and the world for each decade of the twentieth century.

Data are plotted as departures from 1950-1979 values

(from Climatic Research Unit, University of East Anglia).

<

warmth was more evenly spread,
with the only major area of colder
than normal temperatures being
situated over eastern Antarctica.

ANTARCTIC OZONE HOLE
AND TRACE GASES

There were several major changes
in the chemistry of the atmo-
sphere during the decade. The vol-
canic eruption of El Chichén in
Mexico in April 1982 injected large
quantities of dust and gas into the
stratosphere as evidenced by the
low atmospheric transmission
(see Figure 10.5), where it
remained for several years. During
this time, these particles and gases
caused decreases in stratospheric
ozone, increases in stratospheric
temperature, and decreases in
mean surface air temperature
(some of which may have been off-
set by the 1982-1983 ENSO
event).

The Antarctic ozone hole was
first reported in the scientific liter-
ature in 1985, and concentrations
of stratospheric ozone over Ant-
arctica during the austral spring-
time decreased markedly from the
beginning to the end of the decade
(see Figures 10.2 and 10.3). This
phenomenon is expected to con-
tinue well into the next century
until the impact of the Montréal
Protocol controls become effec-
tive. Many trace gases, both the
greenhouse warming species (e.g.
carbon dioxide and methane) and
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Figure 17.3 - Annual temperature anom-
alies for the 1981-1990 decade. Data are
plotted as departures from the
1950-1979 values. Shaded areas have
insufficient data for analysis (from Cli-
matic Research Unit, University of East
Anglia).

-1.0°C -0.5 0.0 05 1.0°C
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stratospheric ozone-depleting
species (e.g., CFC-11, CFC-12, and
nitrous oxide), showed continuing
increases in their global back-
ground concentrations.

INTERNATIONAL
MILESTONES IN RESPONSE
TO GLOBAL WARMING

But the 1980s may best be remem-
bered as a remarkable climate dec-
ade because of the growing con-
viction within the international
scientific community that the cli-
mate system is changing at such a
rate that global ecosystems and
human society are being threat-
ened. Further, for the first time it
was recognized that atmospheric
issues are not independent, but
are inextricably linked, and that
action to deal with both causes
and effects must be based on a
more holistic approach to atmo-
spheric change and to the human
and economic dimensions of such
change. That conviction has
moved the climate change issue to
the forefront of the international
political agenda and has led to the
convening of several international
conferences. Responses to the
consequences of atmospheric
change include the following:
e First World Climate Confer-
ence, Geneva (February 1979)
¢ Vienna Convention for the Pro-
tection of the Ozone Layer
(1985)
¢ International Conference on
the Assessment of the Role of
CO, and Other Greenhouse
Gases in Climate Variations and
Associated Impacts, Villach
(1985)

e Montréal Protocol to control
CFCs (September 1987)

¢ Workshops on Developing Poli-
cies for Responding to Climate
Change, Villach and Bellagio

(1987)
¢ World Commission on Environ-
ment and Development

(WCED) report to the United
Nations General Assembly (Sep-
tember 1987)

e World Conference on The
Changing Atmosphere, Toronto
(June 1988)

e Establishment of the Intergov-
ernmental Panel on Climate
Change (November 1988)

e Conference on Legal and Policy
Aspects of the Protection of the
Atmosphere, Ottawa (February
1989)

e Ministerial Conference on
Atmospheric Pollution and Cli-

mate  Change,  Noordwijk
(November 1989)
e Intergovernmental Panel on

Climate Change (IPCC) reports
(August 1990)

e Second World Climate Confer-
ence, Geneva (October/
November 1990)

e United Nations General Assem-
bly resolution to establish the
negotiating process for the cli-
mate change convention (Fall
1990)

e Start of Negotiations on a
Framework Convention Cli-
mate Change, Washington
(February 1991)

e United Nations Conference on
Environment and Develop-
ment, Brazil (June, 1992)

e Signature by 153 countries of
Framework Convention Cli-
mate Change, Washington
(February 1992)
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MAJOR CLIMATE SYSTEM EVENTS AND ANOMALIES DURING 1981-1990
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Figure 17.4 - Major climate system events and anomalies throughout the world: 1981-1990 (adapted from Halpert and
Ropelewski, 1991):
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California drought — five consecutive dry winters (1986-1990). Less than 60% of normal precipitation was recorded in San

Francisco and Los Angeles.
Intense El Nifno/Southern Oscillation affects global climate (1982-1983) — Abnormally warm equaterial Pacific waters
brought massive floods to portions of Ecuador and Peru, numerous tropical cyclones to French Polynesia, and record drought
to Australia and Indonesia.

. The 1988 drought in the Midwest was the most severe since 1936.

. The second consecutive dry decade in the Sahel caused widespread crop failures and large-scale human suffering.

. Prolonged heat and dryness across east-central South America (1988-1989) produced the worst harvests in 26 years.

. A cold winter and spring occurred across Europe in 1987. Severe winter weather halted shipping in northern Europe, spread

snow south to the Riviera and froze citrus crops in Italy and Greece.

. Heat waves aggravated prolonged dryness in southern Europe, the Middle East and Northern Africa in 1990.
. Record winter (1988-1989) and spring (1989) mildness spreads across Eurasia. The warmth resulted in weekly temperatures

averaging up to 21°C above normal.

. The spring (1981) drought in China was overtaken by late summer floods. Most of Hebei province recorded only 10-30% of

normal precipitation in spring. Torrential rains abruptly ended the drought; the Yangtze River reached its highest level this
century.

. Record rains in 1984 caused severe flooding in Eastern Australia.
. The cold ENSO in the Pacific during 1988-1989 was one of the most severe cold episodes of the last 50 years.
. Major volcanic eruptions — EI Chichén in March 1982 and Pinatubo in June 1991 — injected tens of millions of tonnes of

aerosols into the stratosphere, perhaps more than any volcano in this century. Effects of the eruption include more acidic rain,
further depletion of the ozone layer and surface cooling of up to 0.5°C.

. The concentration of stratospheric ozone over Antarctica during September to November decreased markedly during the dec-

ade.

. The mean CO, growth rate for the 1980s was about 1.5 ppm per year.
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AOT aerosol optical thickness
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