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ABSTRACT—D. H. Levinson' and AM. Waple' (Eds).

The earth’s climate was influenced
by a moderate El Niiio in the
tropical Pacific Ocean at the
beginning of 2003. This ENSO
warm event developed during
October-November of 2002, and
eventually dissipated during
March-April 2003, giving way to
near-neutral ENSO conditions for
the remainder of the year. Despite
the cessation of El Nifio during the
boreal spring, the ENSO warm
event affected regional precipita-
tion anomalies over a broad area of
the Pacific basin, including wet
anomalies along the west coast of
South America, and dry anomalies
in eastern Australia, the southwest
Pacific, and Hawaii.

The global mean surface
temperature in 2003 was within
the highest three annual values
observed during the period of
regular instrumental records
(beginning in approximately 1880),
but below the 1998 record-high
value. Global surface temperatures
in 2003 were 0.46°C (0.83°F)
above the 1961-90 mean, accord-
ing to one U.K. record, which
ranked as third highest in this
archive. In the U.S. temperature
archive, the 2003 anomaly was also
0.46°C (0.83°F), equivalent to the
2002 value, which ranked second
over the period of record. Similar
to the surface temperature
anomalies, satellite retrievals of
global midtropospheric tempera-
tures ranked 2003 as third warm-
est relative to the 1979-98 mean
value.

The hurricane season was
extremely active in the Atlantic
basin, with a total of 16 tropical
storms, seven hurricanes, and
three major hurricanes in 2003.
Five of these tropical cyclones
made landfall in the United States,
three made landfall in northeastern
Mexico, and a tropical storm
affected Hispaifiola. In addition,
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Nova Scotia and Bermuda
experienced devastating impacts
from hurricanes in 2003. Another
notable aspect of the season in
the Atlantic was the formation of
five tropical storms over the Gulf
of Mexico, which tied the season
high observed in 1957. In addition,
three tropical storms formed
outside of the normal (June-
November) hurricane season in
2003—one in April and two in
December—which made this the
first season since 1887 that two
tropical storms have formed
during December in the Atlantic
basin. Also of note was the below-
normal activity in the eastern
North Pacific basin. There were
no major hurricanes in this basin
during the 2003 season, which
made this the first year since 1977
with no category 3-5 storms.
Despite the below-normal
activity, four tropical cyclones
made landfall on the Pacific coast
of Mexico, two as hurricanes and
two as tropical storms, which was
twice the long-term mean.

The summer of 2003 was one
of the warmest on record across
parts of Europe, where a heat
wave affected most of Central and
Western Europe. Two distinct
periods of exceptional heat
occurred during the season—the
first in June and the second during
the latter half of July and the first
half of August. The July-August
heat wave was the more serious of
the two, since it coincided with
the normal peak in summer
temperatures and was accompa-
nied by an almost complete
absence of rainfall. The high
temperatures and dry conditions
exacerbated forest fires that
burned across southern France
and Portugal in July and August.
The record heat wave spread
across most of Western Europe in
August, and it was likely the

warmest summer since 1540 in
parts of Central Europe. In
France, 11,000 heat-related
deaths were reported between
late July and mid-August. In
Germany, both June and August
were the warmest such months
since at least the beginning of
the twentieth century. The
summer was also the hottest in
Germany since 1901, and, with
the exception of some stations
in northern and northwestern
Germany, it was the hottest
summer since the beginning of
recorded measurements.

Other climatic events of note
during 2003 included I) record
wet conditions across parts of
the southeast, mid-Atlantic, and
eastern coast of the United
States; 2) record cold tempera-
tures and anomalous June
snowfalls in European Russia; 3)
546 tornadoes during May 2003
in the United States, which was
an all-time record of reported
tornadoes for any month; 4)
continuing drought conditions
across the western United
States, with some areas experi-
encing their fourth and fifth
years of significant precipitation
deficits; 5) severe bushfires in
eastern Australia in January, the
worst wildfire season on record
in British Columbia during
August, as well as severe
wildfires across southern
California in October; 6) above-
average rainfall across West
Africa and the Sahel, which had
its second wettest rainy season
since 1990; 7) a return to normal
rainfall across the Indian subcon-
tinent during the summer
monsoon; and 8) a near-record
extent of the Antarctic ozone
hole, which was 28.2 million km?
at its maximum in September
2003.



I. INTRODUCTION—D. H. Levinson"!

This is the 14th yearly State of the Climate article
(formerly known as the Climate Assessment), summa-
rizing the annual global and regional climate conditions,
and the eighth year that the article has appeared in
BAMS. This is also the fourth year that the National
Climatic Data Center (NCDC) has taken the lead in
the article’s development and production, and the first
year of formal collaboration with the World Meteo-
rological Organization (WMO) Commission for Cli-
matology. In addition to personnel at NCDC, numer-
ous scientists and institutions from around the world
have contributed data, figures, and/or text to this ar-
ticle, and their contributions have been noted through
authorship citation of individual sections as well as in
the list of contributors in the appendix.

This special section of BAMS includes analyses of
the global climate system for 2003, and the significant
events and their impacts that occurred during this past
year. A primary goal of this and past State of the Cli-
mate articles has been to put the observed climate and
weather events over the previous year into historical
perspective, with a focus on long-term trends and varia-
tions in the primary climatic elements over the period
of instrumental observations (since the late 1800s), and,
if possible, to extend back in time through the use of
paleoclimate data. Due to the large number of data
sources, it was impossible to refer to a standard base
period for each climatic element in the article. There-
fore, the base period for each dataset varied according
to convention, and the base periods noted for each
dataset herein were chosen by the contributors and
authors based on a number of practical and scientific
factors.

The record of the past century illustrates an ex-
tremely complex and variable climate system, one that
is impossible to completely characterize in an article of
this length. However, this special section of BAMS at-
tempts to address the primary topics of interest related
to the climate of 2003 and convey these to a broad
audience—one that includes both climate specialists
and nonspecialists alike.

Despite the fact that each chapter was intended to
be relatively self-contained, concerted effort has been
made to cross-reference text and figures where appro-
priate. Sidebar boxes were also included again this year,
in order to emphasize important topics and climatic
perspectives. As mentioned, an appendix was included
at the end of the article with all of the names and insti-
tutions of people who contributed figures, data, or
provided other invaluable assistance with the prepa-
ration of this report. In addition, efforts were made to
further increase the number of authors who are na-

AMERICAN METEOROLOGICAL SOCIETY

tive to their respective region, and it is the intent of the
editorial team at NCDC to continue this trend in next
year’s article.

The following chapters focus on a wide array of
topics and parameters that characterized the earth’s
climate in 2003, including the following:

Chapter 2: Global climate

Temperature

+ The global mean surface temperature in 2003
was among the highest three annual values ob-
served during the period of worldwide instru-
mental records (beginning in approximately
1880), but below the 1998 record-high value.

+ The 10 highest mean annual global temperature
rankings have occurred since 1990, and the trend
in the global average is at least 0.6°C century™
since 1900 and 0.18°C decade™ since 1976.

+ The global annual average temperature of both
the lower and middle troposphere was the third
warmest on record behind 1998. Midtropospheric
temperatures have increased since satellite
records began in 1979, and the rate of increase
has been reported to be as small as +0.04°C de-
cade™ and as large as +0.24°C decade™.

+ The global lower-stratospheric temperature in
2003 was the coldest since 2000, and it was the
11th consecutive year in which the annual aver-
age was below that of the base period (1984-90).

Precipitation

+ The worldwide land surface precipitation
anomaly was —0.9% below the 1961-90 average
in 2003, the third year in a row the global mean
was drier than average.

Snow cover

+ Annual snow cover extent over Northern Hemi-
sphere land areas averaged 25.8 million km? in
2003. This was 0.2 million km? above the 3-decade-
long average, which ranked snow cover in 2003
as the 13th most extensive in the 34-yr record.

+ During the boreal summer of 2003, hemispheric
snow cover extent was at a record low in July.

Chapter 3: Trace gases

+ Carbon dioxide rose approximately 3 parts per
million (ppm) in 2003 to reach a preliminary value
of 379 ppm at the National Oceanic and Atmo-
spheric Administration (NOAA)/Climate Mod-
eling and Diagnostics Laboratory (CMDL)
Mauna Loa Observatory.

+ Ozone-depleting gases in the troposphere con-
tinued to decline through 2003 in response to in-
ternational measures agreed to by the 1987
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Montreal Protocol on Substances that Deplete the
Ozone Layer.

Chapter 4: The Tropics

* A moderate warm ENSO event dissipated during
the boreal spring 2003 and transitioned to near-
neutral conditions for the remainder of the year.

+ Atlantic tropical storm activity was above aver-
age in 2003, with 16 named storms, seven hurri-
canes, and three major hurricanes. Hurricanes
Juan, Isabel, and Fabian caused significant dam-
age in Canada, the United States, and Bermuda,
respectively.

+ Tropical storm activity was below average in the
eastern North Pacific and near average in the
western North Pacific.

Chapter 5: The Poles

+ The Antarctic ozone hole reached a near-record
extent in 2003. No discernable trend in ozone
hole “recovery” was evident, though concentra-
tions of chloroflourocarbons (CFCs) continued
to decline.

« Arctic sea ice reached a record low extent in the
boreal autumn, but annual sea ice extent was
greater than in 2002.

+ Surface air temperatures were warmer than av-
erage in the Arctic in 2003, especially in Baffin
Bay and the east Siberian Sea.

Chapter 6: Regional climate

*  North America: Drought continued across west-
ern North America, with impacts in the west-
ern United States, Canadian prairies, and north-
eastern Mexico. The Canadian Arctic was
warmer than average in 2003, as was the west-
ern United States. Anomalously wet conditions
impacted the eastern United States, with record
annual precipitation in three mid-Atlantic
States.

*  Europe: A record-breaking summer heat wave
over much of western Europe led to thousands
of heat-related casualties.

*  Africa: Sahel rains returned to normal during
2003, yielding record crop harvests. Drought
continued in parts of the Greater Horn and
southern Africa.

+ Asia: Monsoonal rains were near normal for the
Indian subcontinent in 2003. Near-normal rain-
fall helped ease the long-running drought in
southwest Asia. Russia was warmer than aver-
age for the year, but June was anomalously cold
in European Russia.

| BANS JUNE 2004

* Australasia: Severe drought and bushfires in east-
ern Australia, coupled with extreme heat for
much of the continent during the austral sum-
mer, caused devastating impacts in 2003. It was
the warmest June on record for New Zealand,
and numerous annual sunshine records were
exceeded across the South Island.

2. GLOBAL CLIMATE
a. Global surface temperatures—M. Menne'

According to surface temperature records main-
tained independently by institutions in the United
Kingdom and in the United States, the global mean
surface temperature in 2003 was within the highest
three annual values observed during the period of
regular instrumental records (dating to the nineteenth
century), but below the 1998 record high value. As
shown in Fig. 2.1, surface temperatures in 2003 ranked
as third highest, calculated according to Jones et al.
(2001) and Jones and Moberg (2003), or tied for sec-
ond highest according to the U.S. (NOAA/NCDC)
record (Quayle et al. 1999). In this U.K. record, global
surface temperatures in 2003 averaged 0.46°C above
the 1961-90 mean value, only slightly (0.02°C) below
the 2002 value. In the U.S. surface temperature
archive, the global 2003 departure from the same base
period was also 0.46°C, equivalent to the 2002 value.
According to both surface temperature archives, the
10 highest mean annual global temperature rankings

0.75

0.75 . . s s L . .
1860 1880 1900 1920 1940 1960 1980 2000

Fic. 2.1. Global annual surface temperature anomalies
with respect to a 1961-90 base period. For the United
Kingdom record (green line) annual temperature values
for the period 1861-2000 were calculated according to
Folland et al. (2001b), values in 2001-02 were calculated
according to Parker et al. (1995) and Jones (1994), the
2003 values were calculated according to Jones et al.
(2001) and Jones and Moberg (2003). For the U.S.
(NOAA/NCDC) record (brown line) values were calcu-
lated according to Quayle et al. (1999).
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FiG. 2.2. Global annual surface temperature anomalies by hemisphere:
(a) Northern Hemisphere (b) Southern Hemisphere. Both were calcu-

lated with respect to the 1961-90 base period.

have occurred since 1990. Although by no means
monotonic, the rise in global mean surface tempera-
ture since 1900 exceeds 0.6°C century™'. Since 1976, the
linear trend is about 0.18°C decade™.

Averaged separately, 2003 surface temperatures
ranked as second highest in the Northern Hemisphere
and as third highest in the Southern Hemisphere, ac-
cording to both surface temperature archives (Fig. 2.2).
While the top-10 annual temperature rankings in the
Northern Hemisphere comprise only years since 1990,
the Southern Hemisphere top rankings include 1987
and 1988.

Serial monthly global temperature anomalies since
1961 are shown in Fig. 2.3 using the U.S. surface tem-
perature archive. A calendar-monthly mean record-
high value was observed in September 2003, when the
global mean surface temperature was calculated to be
about 0.05°C higher than the former September record,
set in 1997. Worldwide, sea surface temperatures

0.4 L L L " L L L L
1960 1965 1970 1975 1880 1885 1880 1985 2000 2005

FiG. 2.3. Serial monthly surface temperature anomalies
from 1961 to 2003, based on Quayle et al. (1999). Anoma-
lies were calculated with respect to the 1961-90 base
period.
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North America, and much of eastern
Australia (see sections 5b, 6an and 6g],
respectively). Across parts of these ar-
eas, the 2003 mean surface temperature
also ranked in the upper-10th percen-
tile of the regional temperature distribution. Con-
versely, negative temperature departures were ob-
served across eastern North America (see section 6arr).

b. Upper-air temperature—]. C. Christy’

Bulk atmospheric temperatures for three atmo-
spheric layers, the lower troposphere (LT), midtropo-
sphere (MT), and lower stratosphere (LS), were de-
rived from the microwave emissions of atmospheric
oxygen. The University of Alabama in Huntsville
(UAH) generated these products from measurements
made by the microwave sounding units (MSUs) and
the advanced MSUs (AMSUs; operational since 1998),

08} 4
0| (e)SeaSurface Temperatures 1
@ 04 i | ]
£ g2 'Vl
= - nd 1 N,-I " v {
& oo} 1 " ,\m LA u”J
z.f EV Y AN S 1
o'isao 1900 1920 1940 1960 1980 2000
1. T T r —
08t |II f'\_';
0 (b)Land Surface Temperatures | L\ :
% 0.4 | f \ J ]
02} 1
g I| | 1
8 ool hf'/k‘ﬂ .| |' f'aﬂh/ f\h { ”\Mymrv i
0.2 pt I! 1
o?saa \920 1940 1960 1980 2000

Fic. 2.4. (a) Sea surface and (b) land surface tempera-
ture anomalies (in °C) based on Quayle et al. (1999), with
respect to the 1961-90 base period.
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FiG. 2.5. Geographic distribution of temperature anomalies (in °C) in 2003:
(a) departure from 1961-90 average (the temperature value of each 5° lat X
5° long pixel was derived from at least | month’s data in each of four 3-month
seasons); (b) same as in (a), but expressed as percentiles of modified two-

for diurnal drifting (i.e., the effect
of the spacecraft observing the
earth at later or earlier local
times) and inter-satellite biases.
VG03 produced a fundamentally
new analysis in which the differ-
ences in observed global tem-
peratures, found as two satellites
observe the earth at the same
time, are eliminated by project-
ing those differences onto a di-

urnal cycle. RSS and UAH made
separate corrections for the di-

urnal drift and the calibration

shift based on their significant re-
lationships to the diurnal clock

and onboard temperature, re-
spectively. Simply, VGO3 forced
both the diurnal drift and calibra-
tion shift to be a single function
of the diurnal clock, while RSS and
UAH consider them as separate
problems. This led to signifi-
cantly different adjustments to
the raw data.

120w

) LOWER TROPOSPHERE
The annual global average

temperature of the LT (surface

0 2 10 90

to about 8 km) developed by
UAH was +0.20°C above the
1979-98 mean. Seasonal anoma-
lies are shown in Fig. 2.6. Rela-
tive to the past 25 yr, 2003 was the
third warmest on record behind

98 100

parameter gamma distributions fitted to annual data for 196 1-90, and calcu-
lated according to Horton et al. (2001).

58

which are flown as part of the instrument suite on
NOAA polar-orbiting satellites (Christy et al. 2003). Bi-
ases and errors due to spacecraft drift (both horizon-
tal and vertical) and on-orbit calibration changes have
been identified and removed.

Two new reconstructions of MSU temperatures by
Mears et al. (2003) at Remote Sensing Systems (RSS),
and by Vinnikov and Grody (2003; hereafter VGO03),
for the MT (as well as the LS by RSS), have been com-
pleted in which differing methods for accounting for
east-west drift and instrument calibration have been
applied. Briefly, RSS and UAH differ in the magnitude
of adjustment for the calibration shift that occurs as a
result of differential heating of the instrument com-
ponents. RSS and UAH use very similar adjustments

| BANS JUNE 2004

1998 (+0.47°C) and 2002 (+0.24°C).

The linear trend since November

1978is +0.08°C decade™. Christy
etal. (2003) demonstrated that the 95% confidence level
(C.L.) precision for UAH annual global LT anomalies
was +0.14°C, and the global trend value was
+0.05°C decade™. Global averages from the National
Centers for Environmental Prediction (NCEP)-National
Center for Atmospheric Research (NCAR) reanalyses
and the Hadley Centre, both of which are based on
radiosonde measurements, also reported similar find-
ings. Regionally, virtually all areas poleward of 45°N
were above the 20-yr mean, while elsewhere scattered
areas that were slightly warmer or cooler than average
temperatures occurred in 2003. The moderate warm
phase of ENSO faded by midyear (see section 4a), and
near-average to slightly warmer-than-average tropi-
cal temperatures persisted for the remainder of the year.
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FiG. 2.6. Global seasonal lower tropospheric temperature
anomalies (in °C) for 85°S-85°N (UAH). Anomalies were
determined with respect to the 1979-98 base period.

Globally, the LT seasonal anomalies in 2003 [beginning
with December-January-February (DJF)] were as fol-
lows: +0.28°C, +0.16°C, +0.10°C, and +0.21°C.

1) MIDTROPOSPHERE

Three realizations of MT global temperatures from
microwave emissions give differing results for the past
25 yr. UAH and RSS (VGO03 values for 2003 were un-
available at press time) show that 2003 was the third
warmest year of the 25-yr period of record (Fig. 2.7).
However, the global temperature trend over the 25-yr
period is quite different. Linear trend values are +0.04,
+0.12, and +0.24°C decade™ for UAH, RSS, and VGO03,
respectively. The quantity MT is somewhat difficult to
interpret because it receives emissions from the tro-
posphere as well as the stratosphere (about 15%), so
that variations in MT are a combination of often
counter balancing anomalies above and below the
tropopause.
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FiG. 2.8. Global seasonal anomalies (in °C) of lower-strato-
spheric temperature (UAH and RSS). Anomalies were
determined with respect to the 1984-90 base period.
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Fic. 2.7. Annual anomalies (in °C) of global mid-tropo-
spheric temperature. Anomalies were determined with
respect to the 1979-98 base period.

i) LOWER STRATOSPHERE

The global LS temperature was again significantly
below the base period (1984-90), with anomalies of
-0.41°C (UAH) and -0.35°C (RSS), which were the cold-
est since 2000, making 2003 the 11th consecutive year
in which the annual average was below that of the base
period (Fig. 2.8; note the base period was chosen to
avoid the impacts of the volcanic eruptions of
El Chichon, Mexico, in 1982 and Mt. Pinatubo, Philip-
pines, in 1991). Although the bulk of the layer moni-
tored by these microwave emissions is in the lower
stratosphere, a significant portion (~20%) of the tropical
signal arises from emissions below the tropopause so that
some convolution of upper-tropospheric and lower-
stratospheric signals occurs there. Despite this fact, the
tropical portion of the globe experienced negative tem-
perature anomalies throughout 2003, consistent with
the easterly phase of the quasi-biennial oscillation

-8

1999 2001 2003

1978 1981 1983 1885 1987 1088 1991 1993 1885 1807

Fic. 2.9. Autumn (SON) anomalies of lower-strato-
spheric temperature (in °C) over Antarctica (UAH).
Anomalies were determined with respect to the 1984-
90 base period.
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The recent drier-than-normal globally averaged
precipitation anomalies may be associated with changes
in the ENSO in the tropical Pacific Ocean. It has been
shown that variability associated with ENSO influences
regional precipitation patterns in the Tropics and
midlatitudes (Ropelewski and Halpert 1987). For ex-
ample, the wetter-than-average period from 1998 to
2000 was associated with the development and persis-
tence of La Nifia conditions in the tropical Pacific Ocean,
while the recent drier-than-average period in global
precipitation since 2001 included the 2002-03 EI Nifio
warm event as well as extended periods of near-neu-
tral ENSO conditions. In 2003, the year began with the
equatorial Pacific Ocean in the midst of a moderate
El Nifio warm event (see section 4a). This El Nifio weak-
ened during the late winter of 2003, and by April, SST's
in the central and eastern equatorial Pacific basin had

50.0 -
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00y

Millimeters

; ‘L,Ij_lli |,i H‘,I.Il

250 ]
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150, |
1900

19‘40 v }QIGO IQISO 2(500
ear

FiG. 2.10. Annual global precipitation anomalies from 1900

to 2003 for land-based stations. Data are from GHCN,

and anomalies were determined with respect to the

1961-90 base period.

1820

(QBO). The singular warm anomaly in autumn Septem-
ber-October—-November (SON) in 2002 over Antarc-
tica (+10°C) did not reappear in 2003, but the seasonal
anomaly was positive (+1.2°C; Fig. 2.9) for the year.

¢. Global precipitation—D. H. Levinson" and . H. Lawrimore'
For the third consecutive year, global annual pre-
cipitation averaged over land areas was below normal
in 2003. The graph in Fig. 2.10 shows the annually av-
eraged precipitation from the Global Historical Clima-
tology Network (GHCN), with anomalies determined
with respect to the 1961-90 base period (Peterson and
Vose 1997; Vose et al. 1992). The global precipitation
anomaly was negative (dry) in 2003, reaching approxi-

cooled to near normal. Despite the cessation of the
El Niflo warm event and the return to near-neutral
conditions in April 2003, precipitation anomalies dur-
ing the remainder of 2003 continued to reflect an
El Nino-like pattern in the tropical Pacific and across
parts of North and South America.

Figure 2.11 shows the spatial pattern of precipita-
tion anomalies determined from the GHCN, compar-
ing the boreal winter of 2002-03 (DJF) annual precipi-
tation with the 1961-90 base period. Significant wet and
dry regional anomalies were present across the globe
during the boreal winter of 2002-03, and traditional
El Nifo signatures were evident in the observed spa-
tial pattern of these global precipitation anomalies.
Wetter-than-normal regions included parts of the east-
ern United States and the Pacific Northwest, western

mately —0.90% (—10 mm)
from the mean. This was a
larger departure from nor-
mal than in 2002, when the
observed anomaly was
slightly negative, but very
close to the 1961-90 average.
The string of negative global
precipitation anomalies be-
gan in 2001. Prior to this 3-yr e
period of negative anomalies
and below-normal precipita-
tion, land areas had been
dominated by a period of
positive anomalies and wetter- . - & i ; ; ; " & & .

than-average conditions as A100mm -80mm.  -60mm 40 10emm
measured by the GHCN. Be-
tween 1996 and 2000, the glo-
bal precipitation anomaly had
been positive (wet) for 4 of 5 yr.

-20mm  Omm 20mm 40mm B0mm B0mm

FiG. 2.11. Precipitation anomalies (mm) for Jan-Dec 2003 from GHCN. Positive
anomalies (wet conditions) are shown in green, and negative anomalies (dry
conditions) are shown in orange. Anomalies were determined with respect to
the 1961-90 base period.
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CAMS-OPI precipitation
anomalies for 2003 are shown
in Fig. 2.12. Over land areas,
the positive and negative
anomalies were generally
similar to that measured by
GHCN. Qualitative compari-
son of GHCN with CAMS-
OPI shows general agree-
ment between the two
products over most areas in
the Tropics and midlatitudes
where comparable data exist.
For example, the exception-
ally wet conditions across the
south and east coasts of the
—400 -300 -200 -100 -50 50 100 200 300 400 United States in 2003 were re-
solved in both the CAMS-
OPI and GHCN datasets.

FiG. 2.12. Precipitation anomalies (in mm) for Jan-Dec 2003 from the CAMS-
OPI dataset. Anomalies were determined with respect to the 1979-95 base pe-

riod. Positive anomalies (wet conditions) are shown in green and yellow shading, These anomalously wet con-
while negative anomalies (dry conditions) are shown in brown shading. ditions reflected the enhanced
subtropical jet and associated

and central South America, Borneo
and Sumatra in Indonesia, Mada-
gascar and the islands of the west-
ern Indian Ocean, southern Turkey,
as well as islands in the Mediterra-
nean Sea. Negative anomalies and
drought conditions, likely enhanced
by El Nifo and the associated shift
in the equatorial Walker circulation,
were observed across eastern Aus-
tralia, the southwest Pacific, and
Hawaii (see section 6 for further dis-

2003 N. N.
Std Hem. Eurasia Am.
Yrs Mean dev 2003

rank rank rank

cussion of regional precipitation Jan 37 46.9 1.5 48.0

anomalies). . Feb 37 459 1.9 485
Global precipitation over the

oceans is often more difficult to Mar 37 41.1 1.9 41.8

quantify than land areas, due to the Apr 37 315 1.7 316

lack of ground-truth verification of

satellite-based retrieval methods. May 37 20.6 18 20.6

One satellite method that has been Jun 36 1.1 2.1 10.5

widely used is the Climate Anomaly Jul 34 50 1.4 3

Monitoring System (CAMS) and

outgoing longwave radiation (OLR) Aug e B = 2

Precipitation Index (OPI), which Sep 35 5.7 1.0 5.1

uses 1979-95 as its base period. Oct 36 18.3 27 185

CAMS-OPI is a merged product
that utilizes both satellite retrieval Nov 38 342 2.1 357
estimates and surface rainguage Dec 38 43.4 1.9 463
measurements of precipitation

Al 33 25.6 1.0 25.8
(Janowiak and Xie 1999). The nn
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Fic. 2.13. February 2003 monthly snow extent anoma-
lies with respect to climatology maps covering the pe-
riod from Nov 1966 to May 1999. Departures show dif-
ferences in the percent frequency of cover between
2003 and the long-term mean.

precipitation enhancement that is typically observed
during El Nifo events in this region (Ropelewski and
Halpert 1987). Despite the general agreement between
the two datasets, several regional differences were ob-
served between the CAMS-OPI and GHCN datasets
over land areas in 2003, including the northern Rockies
area in the United States. The CAMS-OPI technique
determined a ~200 mm positive anomaly, and, there-
fore wetter-than-normal conditions, across a large area
of the northern Rockies and Intermountain region in
the United States during 2003. In contrast, GHCN re-
flected drier-than-normal conditions that persisted
across these areas in 2003 (see Fig. 6.5a in section 6arr).

Despite these differences between the CAMS-OPI
precipitation products with gauge-only measurements,
its greatest applicability is over the

L o S S S B B I B N N S LA e e e e e

Million Square km
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FiG. 2.14. Anomalies of monthly snow cover extent over
Northern Hemisphere lands (including Greenland) be-
tween Nov 1966 and Dec 2003. Also shown are 12-month
running anomalies of hemispheric snow cover extent,
plotted on the seventh month of a given interval. Anoma-
lies were calculated from NOAA snow maps. Mean hemi-
spheric snow extent is 25.6 million km? for the full pe-
riod of record. Note that monthly means for the period
of record were used for nine missing months between
1968 and 1971 in order to create a continuous series of
running means (the missing months all fell between Jun
and Oct).

cific basin, the Coral Sea and convection associated with
the South Pacific Convergence zone (SPCZ), and por-
tions of the eastern Indian Ocean.

d. Northern Hemisphere snow cover—D. A. Robinson”'
Annual snow cover extent over Northern Hemi-
sphere land areas averaged 25.8 million km? in 2003.
This is 0.2 million km? above the 3-decade-long aver-
age, and ranked 2003 as having the 13th-most-exten-
sive snow cover over the past 34 yr (Table 2.1). This
evaluation included the Greenland ice sheet, as well as
the North American and Eurasian continents. The to-
tal land area covered by snow in 2003 ranged from a
maximum of 48.5 million km? in February, to a mini-
mum of 2.4 million km? in August. Monthly snow

oceans and those land areas with mini-
mal precipitation-observing sites. Sig-
nificant positive anomalies (wet condi-
tions) over the oceans as measured by
CAMS-OPIin 2003 included alarge re-
gion of the tropical western Pacific
Ocean, as well as the western half of the
Indian Ocean. Negative anomalies (dry
conditions) in 2003 included the west-
ern North Atlantic Ocean and Gulf
Stream region, the near-equatorial Pa-

DF (W/m?lyear)
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"CFCs"

1980

FiG. 3.1. The annual growth rate of global climate forcing by well-mixed
greenhouse gases, AF (in W m year'), over the period 1958-2003.
(Courtesy of M. Sato.)



CO2 (ppm)

extent values were calculated at Rutgers University
from weekly maps of snow cover produced by NOAA
meteorologists.

In February 2003, hemispheric snow cover ranked
fourth most extensive over the past 37 yr (Fig. 2.13).
This included a ranking of the third largest extent over
Eurasia. In November, hemispheric extent ranked
eighth over the past 38 yr, with the fourth-most-ex-
tensive snow cover on record over North America.
During summer 2003, hemispheric extent was at a
record low in July, and near or within the lowest tercile
from June through September. The rankings for each
continent were within the same terciles in 6 months
during the year, but differed by two terciles in January
and October. In both of these cases, Eurasia was in the
upper tercile and North America in the lower tercile.

Twelve-month running means of Northern Hemi-
sphere snow cover extent were above the long-term
average throughout the year, especially during the first
half of 2003 (Fig. 2.14) This is the first such occurrence
since the mid-1990s. Eurasian extent was above aver-
age for the first time in 5 yr, and the observed anoma-
lies were the largest since the mid-1980s, while the
North American extent did not exceed the long-term
average in 2003 (not shown). The mid-1990s was the
last time that Northern Hemisphere extent exceeded
the long-term average, and before that it was in the
mid-1980s.

3. TRENDS IN TRACE GASES—R. (. Schnell® and
J. Hansen"”
A summary of the annual growth rate of global cli-
mate forcing by well-mixed greenhouse gases is shown

380

350 -
340 -
330+

320+

310
1955

1965 1975 1985 1995 2005

Fic. 3.2. Monthly mean CO, mole fractions from the
NOAA Mauna Loa Observatory on the Big Island of Ha-
waii. Prior to May 1974, monthly mean CO, data are com-
pliments of C. D. Keeling, Scripps Institution of Ocean-
ography (blue symbols), and since May 1974, data are
compliments of K. Thoning, NOAA/CMDL (red symbols).
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in Fig. 3.1. Although ozone (O,) and stratospheric wa-
ter vapor are additional significant greenhouse gases,
they are neither well mixed nor well measured, and
consequently were not included in the figure. Histori-
cal perspectives and more detailed descriptions of the
major greenhouse gases are offered in the following
sections (sections 3a-3c). The increase in the climate
forcing between 2002 and 2003, just over 0.04 W m™,
was the largest since 1998, and the portion due to car-
bon dioxide (CO,) was the third largest in the period
of annual data (since 1958). About 90% of the increase
of greenhouse gas climate forcing in the past year was
caused by CO,, 5% by nitrous oxide (N,0), 4% by
methane (CH, ), and less than 1% by CFCs and related
trace gases, for which increases of some gases were
balanced by decreases of others. The increases of CO,,
N,O, and CH,, and the associated climate forcing, were
all larger in 2003 than in the previous year.

a. Carbon dioxide

After water vapor, carbon dioxide (CO,) is the most
important atmospheric greenhouse gas. For about
10,000 years prior to the industrial revolution, the at-
mospheric abundance of CO, was nearly constant at
~280 ppm (ppm = parts in 10° by dry-air mole frac-
tion). This abundance represented a balance among
large seasonal fluxes (on the order of 100 Pg C yr,
where 1 Pg = 10°g) between the atmosphere and bio-
sphere (photosynthesis and respiration), and between
the atmosphere and the ocean (physical exchange of
CO,). Since the late 1800s, atmospheric CO, has in-
creased by ~33%, primarily due to emissions from
combustion of fossil fuels (currently about 7 Pg Cyr™)
and, to a lesser extent, deforestation (0-2 Pg C yr™).

Monthly mean CO, mole fractions from the NOAA/
CMDL Mauna Loa Observatory near the summit of
the Big Island of Hawaii are plotted in Fig. 3.2. Over
the entire time series, the average rate of CO, increase
is ~1.4 ppm yr™". During this time, CO, emissions from
fossil fuel combustion increased from 2.3 Pg C in 1958
to 6.6 Pg C in 2000 (Marland et al. 2003). As a result,
the CO, growth rate has increased from ~0.8 ppm yr™*
averaged over the first decade of measurements to
1.8 ppm yr' in the most recent decade. During 2003,
CO, increased by ~3 ppm at the Mauna Loa Observa-
tory site, which was faster than the average increase
over the past decade. Overall, the average increase of
CO, in the atmosphere since 1958 corresponds to ~55%
of the CO, emitted by fossil fuel combustion (Keel-
ingetal. 1995), but this fraction varies from ~20%-90%
(Conway et al. 1994; Ciais et al. 1995). The remaining
fossil fuel CO, is removed from the atmosphere by the
oceans and the terrestrial biosphere.
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Variations in the observed atmospheric increase in
CO, are not due to variations in fossil fuel emissions.
Most attempts to explain the interannual variability of
the atmospheric CO, increase have focused on short-
term climate fluctuations (e.g., ENSO and post-Mt.
Pinatubo eruption cooling), but the mechanisms, es-
pecially the role of the terrestrial biosphere, are not
well understood. For example, it has been speculated that
the high CO, growth rate in 1998 was related to un-
usually warm temperatures. However, analysis of 1999
CO, measurements indicates a return to an average or
lower-than-average growth rate in 1999, although 1999
was only slightly cooler than 1998. From 2000 through
2002, the CO, growth rate has been ~1.8 ppm yr',
slightly above the long-term average of 1.5 ppm yr".

Understanding the relative contributions of the
ocean and biosphere to the net global carbon sink
has important environmental policy implications.
High-precision measurements of atmospheric CO,
abundance alone are insufficient to calculate this par-
titioning. Researchers use measurements of the car-
bon-isotopic composition of CO, and atmospheric O,
to constrain understanding of this partitioning. The
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d(CH,)/dt (nmol mol-' yr-)
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Fic. 3.3. (a) Globally averaged methane mole fractions
(dashed line) as a function of time: The solid line is the
deseasonalized trend, and symbols are annual averages.
(b) Instantaneous rate of increase of globally averaged
CH, determined as the derivative with respect to time
of the solid line above. Dashed lines are 16 uncertain-
ties; symbols are annual increase (t1c). (Courtesy of
E. ). Dlugokencky, NOAA CMDL.)
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Fic. 3.4. Differences between northern (53°-90°N) and
southern (53°-90°S) polar annual CH, means plotted as
a function of time. (Courtesy of E. J. Dlugokencky,
NOAA/CMDL.)

average uptake for the 1990s has been estimated us-
ing these methods to be 1.7+0.5 GtC yr™' by the oceans
and 1.4+0.7 GtC yr™' by the terrestrial biosphere.

b. Methane

The contribution of methane (CH,) to anthropo-
genic radiative forcing, including direct and indirect ef-
fects, is about 0.7 W m™, approximately half that of
CO,. The indirect effects include changes in the bur-
den of CH,, which feed back into atmospheric chemis-
try affecting the concentrations of hydroxols (OH) and
O,. The increase in CH, since the preindustrial era is
responsible for about one-half of the estimated increase
in background tropospheric O, during that time.
Changes in OH concentration affect the lifetimes of
other greenhouse gases, such as the replacement re-
frigerants [halogenated fluorocarbons (HFCs) and
halogenated chlorofluorocarbons (HCFCs)].

High-precision measurements of atmospheric
methane provide climate modelers with current and
past rates of CH, increase, and they are also useful in
constraining the CH, budget and how it is changing with
time. In Fig. 3.3a, smoothed, globally averaged CH,
mole fractions from the NOAA/CMDL air-sampling
network are plotted as a function of time. During nearly
20 yr of measurements CH, has increased, but the rate
of increase has slowed (Fig. 3.3b). In fact, globally av-
eraged CH, remained about constant from 1999 to
2002 (Dlugokencky et al. 2003).

It is reasonable to question whether the observed
CH, trend is temporary or an indication that atmo-
spheric CH, has reached a steady state, implying that
sources and removal mechanisms are in balance. Based
on current knowledge of the global methane budget
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FiG. 3.5. Globally averaged surface tropospheric CO (sym-
bols) determined from the CMDL cooperative air sam-
pling network. Red solid line denotes the de-seasonalized
trend. (Courtesy of P. C. Novelli, NOAA/CMDL.)

(and how it has changed with time), it is impossible to
tell. However, there is good evidence that, while total
global emissions may be changing slowly, emissions are
being redistributed. In Fig. 3.4, differences between
observed polar northern (53°~90°N) and polar south-

¢. Carbon monoxide

Unlike CO, and CH » carbon monoxide does not
strongly absorb terrestrial IR radiation, but it still im-
pacts climate through its chemistry. The chemistry of
CO affects OH (which influences the lifetimes of CH,
and HFCs) and tropospheric O, (itself a greenhouse
gas), so emissions of carbon monoxide (CO) can be
considered equivalent to emissions of CH, (Prather
1996). Current emissions of CO may contribute more
to radiative forcing over decadal time scales than emis-
sions of anthropogenic N,O (Daniel and Solomon
1998).

Globally averaged, CO mole fractions are plotted
as a function of time in Fig. 3.5. There is a long-term
decrease in globally averaged CO, driven by a decrease
in the Northern Hemisphere (Novelli et al. 2003). Su-
perimposed on the decrease was a significant anomaly
during the late 1990s. The increased global CO start-
ingin 1997 in the Tropics was likely the result of tropi-
cal (Langenfelds et al. 2002) and boreal biomass burn-
ing (Bruhwiler et al. 2000; Kasischke et al. 2000). Because
the lifetime of CO is relatively short (~several months),
the anomaly quickly disappeared and CO returned to
pre-1997 levels shortly afterward. Global CO contin-

ern (53°-90°S) annual mean CH, mole
fractions (circles) are plotted as a func-

tion of time. This difference increased e

from 1984 to 1991, dropped abruptly 515 /”’_’~°FC’T 5

in 1992, and has continued to decrease G i

since then. Using a 3D model of atmo- 275 0

spheric transport and chemistry com- & a4 /-’\ ] S

bined with the Emissions Database for % cFet

Global Atmospheric Research -% 25 0l - i
(EDGAR) version 3, we showed that & 1990 1995 2000
decreased emissions from the former g 160 | o

Soviet Union and Eastern Europe, on = 140 —

the order of 12 Tg CH, yr™' that oc- :sz 4100

curred after the collapse of the Soviet 81  ——— 4050

economy, are consistent with our ob- 3 TN \ o

servations (Dlugokencky et al., 2003). :g ! CHoCC zosz _

There are now small amounts of meth- 1990 1995 2000

ane (2-3 Tg CH,) captured from land-
fills and coal-mining operations in de-
veloped countries. According to this
analysis, these decreases have been off-
set by increased CH, emissions in de-
veloping countries. For the future, all
emission scenarios in the Intergovern-
mental Panel on Climate Change
(IPCC) Special Report on Emission Sce-
narios (Nakicenovic et al. 2000) suggest
increasing rates of CH, emission for, at
least, the next three decades.
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FiG. 3.6. Changes in global tropospheric mixing ratios (in ppt, or pmol
mol™') of the most abundant CFCs (in purple), HCFCs (in red), chlori-
nated solvents, and brominated gases (in green; halons and CH,Br).
These global changes are estimated from weighted means of measure-
ments from flasks and on-site instruments at 8-10 sites (the NOAA/
CMDL cooperative air sampling network). Appearing in the bottom
panel are global tropospheric trends for ECI, which is the sum of [chlo-
rine + (45 X bromine)] from all the trace gas measurements displayed
in the upper panels (red line) and from those same gases but with the
assumption that methyl bromide mixing ratios have remained constant
over time (purple line). (Updated from Montzka et al. 1999 and Montzka
et al. 2003; courtesy of S. A. Montzka, ). H. Butler, T. Thompson, D.
Mondeel, and J. Elkins, NOAA/CMDL.)

JUNE 2004 BAMS | SIS



ued to decrease slowly, beginning in 1999, until 2002,  declines in industrial production, but was substantially
when more large boreal fires appear to have caused faster and larger than expected.
another increase in CO. The sum of chlorine and bromine atoms in long-
lived trace gases provides an estimate of the ozone-
d. Decreases in ozone-depleting gases in the troposphere  depleting power of atmospheric halocarbons after the
Atmospheric levels of the most abundant ozone-  enhanced efficiency of bromine to destroy ozone, com-
depleting gases continued to decline in the global tro-  pared to chlorine, has been considered (a factor of 45
posphere in 2003 (Fig. 3.6), and the observed decreases  is used here; Daniel et al. 1999). This sum is often ex-
were the direct result of reduced industrial production  pressed as equivalent chlorine (ECl). Until recent trends
as mandated internationally by the 1987 Montreal Pro-  of methyl bromide became published, assessments of
tocol on Substances that Deplete the

Ozone Layer. During the past few years, 150{ Depth 20°C Isotherm =
ground-based measurements suggest s

that none of the most abundant CFCs 120 £

are currently increasing in the global E 4

troposphere. Although mixing ratios of o

HCFC-22, a substitute for CFCs, con- 70

tinued to increase steadily in 2003,

those for the minor HCFCs did not *1 850-hPa U b

increase as rapidly in 2003 compared to
earlier years. By mid-2003, the chlorine
in the three most abundant HCFCs
amounted to 205 ppt, or 7.4% of all chlo-
rine carried by long-lived, purely an-
thropogenic halocarbons. Total chlo- SST
rine from the HCFCs increased at |
8 ppt yr* over this 2-yr period, which
is slightly slower than the mean rate of

increase of 9.3 ppt yr* observed since 25
1992. Mixing ratios of methyl chloro- 24
form continued to decline at an expo- 12540

nential rate; the abundance of this gas
has declined nearly sixfold since the
early 1990s.

Our understanding of atmospheric
trends for ozone-depleting gases im-
proved during 2003 with the publica-
tion of recent trends for methyl bro-
mide (CH,Br; Montzka et al. 2003).
Methyl bromide is a gas with substan-
tial natural and anthropogenic sources.
The global mean of 8.1 (+£0.1) ppt esti-
mated from measurements at 10 sites PN MAR MAY JUL SEP NOV JAN MAR MAY JUL SEP NOV JAN
during 2002 was about 1.2 (+0.3) ppt (or 2002
about 10%) lower than the mean dur-  Fic. 4.1. Monthly time series of (a) the depth of the 20°C isotherm (m),
ing 1995-97. The global mean rate of  (b) 850-hPa zonal wind speed (m s™'), (c) SST (°C), (d) 200-hPa height
change from mid-1999 to mid-2002  (m), and (e) OLR (W m~) over the central equatorial Pacific. Values
were determined by averaging over the region bounded by 5°N-5°S and
180°-100°W in (a-d), and 20°N-20°S and 180°-~100°W in (e). The solid
. curve in all panels shows the monthly mean values and the dashed curved
creases reported for atmospheric shows the climatological mean. The anomalies are shaded, with orange
CH,Br throughout most of the twenti- (blue) shading indicating positive (negative) anomalies, except for in
eth century (Montzka and Fraser 2003). (e) where the shading convention is reversed. The climatology and
The observed decrease coincided with  anomalies were computed with respect to the 1979-95 base period.

was —0.35 (£0.05) ppt yr!, which was a
sharp contrast to the continuous in-
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changes in ECI included the assumption that mixing
ratios of this gas were constant over time (Fig. 3.6; blue
line). With this assumption, the decline in ECl was es-
timated at approximately 0.5% yr* since 1995 (Montzka
etal. 1999; Hall et al. 2002). With measurements of me-
thyl bromide now available, however, it becomes clear
that ECl has declined 50% faster since 1998 than previ-
ously thought (Fig. 3.6, red line).

4. THE TROPICS
a. ENSO and the tropical Pacific—G. D. Bell° and M. Halpert*

1) OVERVEW

An equatorial Pacific warm episode (El Nifio) oc-
curred from July 2002 through March 2003 (Fig. 4.1).
This event was consistent with past warm episodes in
that it featured anomalously warm waters extending
to approximately 100-200 m depth across most of the
central equatorial Pacific, in association with a deeper-
than-average oceanic thermocline. Increased ther-
mocline depths are indicated by positive depth anoma-
lies of the 20°C isotherm, which approximates the
center of the thermocline across the eastern equato-
rial Pacific (Fig. 4.1a). This anomalous warmth was con-
sistent with reduced oceanic upwelling across the cen-

§ 20N

tral and east-central equatorial Pacific, in response to
a weakening of the low-level easterly winds, as indi-
cated by westerly wind anomalies throughout the re-
gion (Fig. 4.1b, orange).

The largest area-averaged SST departures (+1.75°C)
associated with this event occurred during October
2002-January 2003 (Fig. 4.1c). This warming began dur-
ing the second half of October in response to strong
equatorial westerly wind anomalies associated with the
Madden-Julian Oscillation. These westerly anomalies
triggered an eastward-propagating oceanic Kelvin
wave, which contributed to a further increase in ther-
mocline depths and a sharp increase in SST anomalies
in the central and east-central equatorial Pacific
(Halpert and Bell 2003; see their section 4a).

The well-known El Nifo-related pattern of tropi-
cal convection was also prominent during this period,
with enhanced convection over the central equatorial
Pacific (Fig. 4.1e, orange) and suppressed convection
across Indonesia and northeastern Australia. The ap-
pearance of above-normal heights at 200-hPa (Fig. 4.1d,
orange) reflected the increase in deep tropospheric
heating over the central equatorial Pacific in response
to the enhanced convection.
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FiG. 4.2. Seasonal SST (left) and anomaly (right) for (a), (b) DJF 2002/03, (c), (d) MAM 2003, (e), (f) JJA 2003, and
(g), (h) SON 2003. Contour interval is 1°C, with the 0.5°C anomaly contour included. Anomalies are departures
from the 1971-2000 adjusted optimal interpolation (Ol) climatology (Smith and Reynolds 1998).
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1) EQUATORIAL PACIFic OCEAN SEA SURFACE AND SUB-SUR-
FACE TEMPERATURE EVOLUTION

During December 2002-February 2003, anoma-
lously warm SST's (exceeding 29°C) covered the cen-
tral equatorial Pacific, with the warmest SSTs in the
Pacific basin shifted east of the date line (Fig. 4.2a). The
strength of the equatorial cold tongue was also nota-
bly weaker than average during this period, because
the positive SST departures of +1° to +2°C extended
from the date line to 120°W, and departures of 0.5°-
1.0°C overspread the eastern equatorial Pacific
(Fig. 4.2b).

During DJF, SSTs greater than 28°C normally rep-
resent the approximate threshold for deep tropical
convection over the central equatorial Pacific (Gadgil
et al. 1984). The presence of exceptionally warm SST's
during DJF 2002/03 was consistent with enhanced con-
vective activity and above-average precipitation over the
central equatorial Pacific, with a reduced strength of
the equatorial easterly winds. This combination of con-
ditions is indicative of mature El Nifio conditions.

During March-April-May (MAM) equatorial Pa-
cific SSTs began to cool east of the date line (Fig. 4.2¢)
and the equatorial cold tongue became stronger than

average (Fig. 4.2d), while temperatures
west of the date line warmed to more

than 0.5°C above average. This evolu-
tion marked the end of the El Nifo epi-
sode. During JJA and SON, the warm-
est SSTs (Figs. 4.2e,g) and largest
positive SST anomalies (Figs. 4.2f,h)
became established west of the date
line, and near-normal temperatures

prevailed across the east-central and
eastern equatorial Pacific.

The subsurface thermal structure is
a fundamental component of ENSO.
During DJF, anomalously warm wa-
ters were evident between 100- and
200-m depths across the central and

east-central equatorial Pacific (Fig. 4.3a).

This warmth was consistent with an in-
creased depth of the oceanic ther-
mocline, and a decreased west-to-east
slope of the thermocline across the
tropical Pacific. During MAM, this
structure changed markedly as the
thermocline became shallower than

average across the east-central and

whil

400{ SON 2003

eastern equatorial Pacific, and anoma-
lously cold water developed over the
eastern Pacific between the surface and
the 150-m depth (Fig. 4.3b). This cold-
episode like structure of the oceanic
) thermocline did not persist, however,
/d and slightly warmer-than-average

140E 160E 180 160W 140W 120W

[ | I I (Figs-4.3c.d).
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Fic. 4.3. Equatorial depth-longitude sections of ocean temperature
anomalies for (a) DJF 2002-03, (b) MAM 2003, (c) JJA 2003, and (d)

100w waters returned during JJA and SON

7
i) ATMOSPHERIC CIRCULATION
Many of the prominent atmo-

SON 2003. Shading interval is 1°C, and the dark line is the 20°C iso-  SPheric circulation features typical of
therm. Data were derived from an analysis system that assimilates oce- ~ Past equatorial Pacific warm episodes
anic observations into an oceanic GCM (Behringer et al. 1998). Anoma-  were observed during DJF 2002/03, re-
lies are departures from the 1981-2000 base period means. flecting a continuation of conditions
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that had become established
during SON 2002 (Halpert and
Bell 2003; see their Figs. 27 and
28). In the Tropics, the El Nifio-
related features included 1)
lower-level westerly wind
anomalies across the eastern
equatorial Pacific in association
with a reduced strength of the
tropical easterlies (Figs. 4.4a), 2)
an enhanced ascending motion
and convective activity over the
central equatorial Pacific, and 3)
an anomalous descending mo-
tion and suppressed convective
activity in the vicinity of north-
eastern Australia (Ropelewski
and Halpert 1987). This reduced
strength of the equatorial Walker
circulation has been a well-
known characteristic of Pacific
warm episodes.

In the meridional direction, the
circulation during DJF 2002/03
featured anomalous poleward
flow in the upper troposphere
over the central tropical Pacific
extending into the core of the
East Asian jet stream (Fig. 4.5a).
This enhanced Hadley circulation
has been another well-known
feature of Pacific warm episodes
(Mo and Kousky 1993).

Also typical of past warm epi-
sodes, the DJF 2002/03 season
featured upper-level anticyclonic
streamfunction anomalies in the
subtropics of both hemispheres,
indicated by positive (negative)
anomalies in the Northern
(Southern) Hemisphere, which
flanked the region of enhanced
convection over the central equa-
torial Pacific (Fig. 4.5b) (Mo and
Kousky 1993). These anticyclonic
anomalies reflected a strength-
ening and eastward extension of
the subtropical ridges in both
hemispheres, and an overall
weakening of the mid-Pacific
troughs farther east. Enhanced
westerlies and anomalous upper-
level confluent flow across the
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central extratropical Pacific were evident along the
poleward flanks of the anomalous subtropical ridges
in both hemispheres (Fig. 4.5a). These anomalies re-
flected an eastward extension of the midlatitude jet
streams in both hemispheres, and an eastward shift in
the areas of strong upper-level diffluence that defined
the jet exit regions.

These El Nifio conditions dissipated during MAM
2003 as anomalous cross-equatorial flow at 850-hPa
developed across the Pacific (Fig. 4.4b), and resulted in
enhanced oceanic upwelling and a rapid cooling of
ocean temperatures across the eastern Pacific.

b. Tropical Storms
)  ATLANTIC HURRICANE SEASON—G. D. BeLL’ §. GoLoengere,
C. Lansen,'s E. Buake,” R. Pasci,” M. Checumn,® anp K. Mo®

() Overview

The North Atlantic hurricane season officially runs
from June through November. An average season pro-
duces 10 tropical storms (TSs), six hurricanes (Hs), and
two major hurricanes [MHs; defined as maximum
sustained wind speeds at or above 100 kts, and mea-
sured by categories 3-5 on the Saffir-Simpson scale
(Simpson 1974)]. In 2003, the Atlantic basin was ex-
tremely active, with 16 TSs, seven hurricanes Hs, and
three MHs.

Five of these Atlantic storms made landfall in the
United States, one as a tropical depression (Henri), two
as tropical storms (Bill and Grace), and two as hurri-
canes (Claudette and Isabel). A sixth system, H Erika,
made landfall in northeastern Mexico, and brought
tropical storm—force winds and precipitation to south-
ern Texas. Mexico also experienced tropical storm con-
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FiG. 4.6. Seasonal values of the ACE index for the entire
Atlantic basin (blue) and for the MDR (red). The MDR
consists of the tropical Atlantic to 21.5°N and the Carib-
bean Sea (see inset). The ACE index for the MDR is based
on systems that first became tropical storms in that re-
gion. NOAA defines near-normal seasons as having a total
ACE value in the range of 65-103 x 10* kt? (green lines).
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ditions from Claudette and Larry, and TS Odette af-
fected Hispaiola. In addition, Nova Scotia and Ber-
muda experienced devastating impacts from hurri-
canes Juan and Fabian, respectively.

Most of the activity during Atlantic hurricane seasons
occurs during August-October, primarily in response
to systems developing from African easterly wave dis-
turbances. During the above-normal 2003 season, 10
tropical storms, of which 4 became hurricanes, developed
between mid-August and mid-October. Three of these
systems became major hurricanes. Above-normal hur-
ricane seasons also feature a high concentration of activ-
ity in the main development region (MDR) (Goldenberg
and Shapiro 1996), which consists of the tropical At-
lantic and Caribbean Sea beween 9° and 21.5°N (see
map inset in Fig. 4.6). Eight tropical storms formed in
the MDR during 2003; four of these systems became
hurricanes, with three becoming major hurricanes.

Another notable aspect of the season was the for-
mation of five tropical storms over the Gulf of Mexico,
which tied the season high observed in 1957. On aver-
age, one to two tropical storms form in this region dur-
ing a given season. Also, three tropical storms formed
outside of the normal (June-November) hurricane sea-
son in 2003. Tropical Storm Ana formed on 22 April,
and TS Odette and TS Peter formed on 4 and 9 De-
cember, respectively. This was the first season since 1887
that two tropical storms have formed in December.

Important aspects of the atmospheric circulation
during the peak of the 2003 season (Fig. 4.7) can be at-
tributed to the ongoing active Atlantic multidecadal sig-
nal (Chelliah and Bell 2004), including 1) an amplified
subtropical ridge, 2) reduced vertical wind shear in the
MDR resulting from upper-level easterly wind anoma-
lies (green arrows) and lower-level westerly anoma-
lies (light blue arrows), 3) an exceptionally favorable
African easterly jet (AEJ; dark blue arrow), 4) an active
West African monsoon system, and 5) above-average
SSTsin the MDR. During August the exceptionally con-
ducive nature of the total signal was also related to a
pre-existing midlatitude circulation pattern known as
the positive phase of the East Atlantic teleconnection
pattern, and during September—October it was related
to an anomalous atmospheric warming across the en-
tire tropical Atlantic in association with a broader warm-
ing of the global tropical atmosphere.

(ii) Seasonal activity

NOAA quantifies “total seasonal activity” with the
accumulated cyclone energy (ACE) index, which ac-
counts for the combined strength and duration of
tropical storms and hurricanes during a given season
(Bell et al. 2000). The ACE index is a wind energy in-



dex, calculated by summing the squares of the estimated
6-hourly maximum sustained wind speed in knots
(Vmax?) for all periods while the system is either a tropi-
cal storm or hurricane (Fig. 4.6, blue bars). The total
ACE index for the 2003 season was 174.75 x 10* kt?, or
200% of the 1951-2000 median value (87.5 X 10* kt?).

NOAA classifies an above-normal Atlantic hurri-
cane season based on two criteria. The seasonal ACE
value must exceed 105 X 10* kt? (120% of the median),
and at least two of the following three must be above
average: the number of tropical storms, hurricanes, and
major hurricanes. The 2003 Atlantic hurricane season
satisfied both criteria, thus marking a continuation of
generally above-normal activity that began in 1995.

The eight tropical systems first named in the MDR
accounted for most (86.6%) of the total ACE value
during 2003 (Fig. 4.6, red bars), with the three major
hurricanes (Fabian, Isabel, and Kate) accounting for
74% of the total. Isabel produced one of the largest ob-
served ACE values (63.3 x 10* kt*) of any Atlantic hur-
ricane on record, lasting 8 days as a major hurricane
and 1.75 days at category 5 status (wind speeds at or
above 140 kts). Fabian and Kate contributed an addi-
tional 43.2 X 10*kt*and 21.9 X 10* kt* to the ACE index,
lasting 7.25 days and 1.5 days as major hurricanes, re-
spectively. The combined duration of these three
storms at major hurricane status was 16.75 days, which
is fourth largest on record behind 1961 (24.5 MH days),
1950 (18.5 MH days), and 1955 (17.25 MH days).

The ACE index has shown large multidecadal fluc-
tuations in total seasonal activity, characterized by
above-normal activity during 1950-69 and 1995-
2003, and below-normal activity during 1970-94
(Goldenberg et al. 2001; Bell 2003). During 1995-2003,
Atlantic hurricane seasons have averaged 13.6 TSs,
7.7 Hs, and 3.6 MHs. The average numbers of tropical
storms and hurricanes were larger than any consecu-
tive 9-yr period in the reliable record dating back to
1944. However, because of continuous

the 1995-2003 mean MDR-based ACE index of 114 X
10* kt? nearly triple the 1970-94 average of 41 x 10* kt>.

(iii) Rainfall from landfalling U.S. tropical systems

Five named Atlantic storms made landfall in the
United States during 2003, with a sixth system (H Erika)
making landfall in northern Mexico and bringing tropi-
cal storm-force winds and rain to southern Texas. This
compares with seven landfalling U.S. systems during
2002, when six hit as tropical storms and one hit as a
hurricane (Bell 2003). For the period 2002-03, 12 named
storms have made landfall in the United States, with 9
(4in 2003 and 5 in 2002) striking the Gulf Coast.

The storm-total precipitation associated with the
Gulf Coast landfalling tropical storms and hurricanes
during 2003 is shown in Fig. 4.8. The first of these sys-
tems (TS Bill) produced more than 150 mm of rain
across eastern Louisiana, Mississippi, and western Ala-
bama during 30 June-1 July. Hurricane Claudette then
crossed eastern Texas on 15-16 July, generally produc-
ing totals of 75-100 mm. One month later Hurricane
Erika made landfall in northeastern Mexico on 16-17
August, and brought tropical storm-force winds to
extreme southern Texas. Erika produced 75-100 mm
of rain in northeastern Mexico and a range of 25-
75 mm in southern Texas. Tropical Storm Grace
brought 75-100 mm of rain to southeastern Texas on
31 August. This system was followed by TS Henri, which
generally brought 100-125 mm of rain to west-central
Florida on 6 September.

The sixth Atlantic system to make U.S. landfall was
Hurricane Isabel, which came onshore along the Outer
Banks of the North Carolina coast as a category 2 hur-
ricane on 18 September. Rainfall totals associated with
Isabel averaged 100-200 mm across eastern North
Carolina and Virginia, and 50-100 mm across West
Virginia and eastern Ohio (Fig. 4.8f). This storm was
directly responsible for 17 fatalities and produced mas-

improvements in the observational
network, including satellite technology,
aircraft measurements, and Doppler
radar, it is likely that more systems were
identified in the latter part of the record
than during the above-normal decades
of the 1950s and 1960s (Goldenberg et
al. 2001). During the below-normal pe-

(Zoﬂ-hp a)

Stronger Tropical '

Easterly Jet (200-hPa)

riod, Atlantic hurricane seasons aver-
aged only 9 TSs, 5 Hs,and 1.5 MHs. This
multidecadal variability primarily re-
flects changes in activity originating in
the MDR (Landsea and Gray 1992,
Landsea 1993; Landsea et al. 1999), with
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FiG. 4.7. Schematic representation of conditions during the peak (Aug-
Oct) of the above-normal 2003 Atlantic hurricane season.
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FiG. 4.8. Total rainfall (mm) over land associated with the
six U.S. landfalling named storms during 2003: (a) TS Bill
during 30 Jun-1 Jul, (b) H Claudette during 15-16 Jul, (c)
H Erika during 16—-17 Aug, (d) TS Grace on 31 Aug, (e)
TS Henri on 6 Sep, and (f) H Isabel during 18-19 Sep.

sive power outages in the mid-Atlantic region, with total
damages estimated by NOAA’s National Hurricane
Center at U.S. $3.4 billion.

(iv) Environmental conditions influencing the 2003 At-
lantic hurricane season

(a) 200- AND 850-HPA CIRCULATION AND VERTICAL WIND SHEAR

During August-October 2003, the mean 200-hPa
subtropical ridge axis was stronger and farther north
of its normal position from the Gulf of Mexico to
northern Senegal (Fig. 4.7). South of the ridge axis,
upper-level easterly wind anomalies covered the en-
tire MDR in association with an enhanced tropical east-
erlyjet (Fig. 4.7, green arrows). The ongoing multidec-
adal signal can account for the amplified subtropical
ridge and enhanced tropical easterly jet over the east-
ern North Atlantic and Africa (Chelliah and Bell 2004).
These features were not related to the ENSO-neutral
conditions observed during the peak of the season.

During August, the extensive area of positive
200-hPa height anomalies across the tropical North

§22 | BAMS JUNE 2004

Atlantic was also partly related to a continuation of
the positive phase of the eastern Atlantic teleconnec-
tion pattern (see Fig. 6.21). This pattern has strong links
to both the subtropics and extratropics, and during
April-August was associated with a marked amplifi-
cation of the 200-hPa subtropical ridge across the
North Atlantic (see Fig. 6.20). During September and
October, the amplified subtropical ridge was partly re-
lated to an anomalous warming throughout the tropi-
cal Atlantic (red in Fig. 4.9), which occurred in associa-
tion with a warming of the global Tropics (Fig. 4.9,
green).

At 850-hPa, westerly zonal wind anomalies across
the North Atlantic and western Africa during August-
October 2003 (Fig. 4.10a) reflected weaker-than-av-
erage tropical easterlies. This anomaly pattern was al-
ready evident during the preceding 4 months
(Fig. 4.10b), indicating it did not result from the in-
creased hurricane activity (Goldenberg and Shapiro
1996). In both periods these westerly anomalies con-
tributed to anomalous cyclonic relative vorticity at
850 hPa across the heart of the MDR.

The combination of upper- and lower-level zonal
wind anomalies resulted in easterly vertical wind shear
anomalies between 200 and 850 hPa from the eastern
tropical Pacific to western Africa (Fig. 4.11a). The
anomalous easterly shear resulted in lower total verti-
cal shear over the heart of the MDR, and higher total
shear over both tropical western Africa and portions
of the eastern tropical Pacific (Fig. 4.11b). This three-
celled anomaly pattern was typical of other above-
normal Atlantic hurricane seasons. It was also consis-
tent with the enhanced 2003 West African monsoon
system (see section 6e1), and with a below average 2003
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Fic. 4.9. Standardized values of the 3-month running
mean area-averaged 200-hPa height anomalies calcu-
lated for the entire global Tropics (20°N-20°S) (green
curve) and for the region centered on the tropical At-
lantic (120°W-40°E, 20°N-20°S) (red curve). Anoma-
lies are departures from the 1971-2000 base period
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eastern North Pacific hurricane season
that featured a record low of no major
hurricanes [see section 4b(ii)].

(b) 700-HPA AFRICAN EASTERLY JET, CONVEC-
TIVE AVAILABLE POTENTIAL ENERGY, AND

SSTs
During August-October, tropical
cyclogenesis in the MDR is typically as-
sociated with amplifying African east-
erly wave disturbances (Reed et al.
1977) moving within the region of high
cyclonic relative vorticity along the
equatorward flank of the 700-hPa AE].
The AE] was well defined during 2003,
(Fig. 4.12a, contours), with high values
of cyclonic relative vorticity extending
along its entire equatorward flank
(shading). The AE] was also shifted to
almost 20°N over the central MDR,
roughly 5° of latitude farther north than
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Fic. 4.10. Anomalous 850-hPa zonal winds (contours, interval is .0 ms™)
and relative vorticity (shading, x 10 s™') during (a) Aug-Sep 2003, and
(b) Apr-Jul 2003. Solid (dashed) contours indicate westerly (easterly)
wind anomalies. Cyclonic (anticyclonic) relative vorticity anomalies are
shaded orange (blue). Green box denotes the MDR. Anomalies are de-
partures from the 1971-2000 base period monthly means.

its climatological mean position (Bell
etal. 2000, see their Fig. 31). This struc-
ture was consistent with the weaker-than-average
tropical easterlies and enhanced 850-hPa cyclonic rela-
tive vorticity previously noted across the heart of the
MDR (Fig. 4.10a).
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Fic. 4.11. Aug-Sep 2003 (a) anomalous 200-850-hPa
vertical shear of zonal wind (shaded, m s') and anoma-
lous vertical shear vector, and (b) anomalous strength of
the total 200-850-hPa vertical shear. In (a) red indicates
anomalous easterly shear and blue indicates anomalous
westerly shear. In (b) red indicates lower total shear and
blue indicates higher total shear. Green box denotes the
MDR. Anomalies are departures from the 1971-2000
base period monthly means.
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An enhanced cross-equatorial flow of deep tropi-
cal moisture was also evident at low levels, which con-
tributed to high values of convective available poten-
tial energy (CAPE) extending well into the central MDR
along the equatorward flank of the AE] (Fig. 4.13a). The
high CAPE values were also associated with near-
record warm SST's (0.5°-1°C above average) through-
out the MDR (Fig. 4.13b). Area-averaged SSTs in the
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Fic. 4.12. Aug-Sep 2003 mean 700-hPa (a) zonal winds
(contours, interval is 1.0 m s™') and relative vorticity
(shading, x 107¢ s7'), and (b) potential vorticity
[x 1077 K (s hPa)']. In (a) only cyclonic vorticity values
are shaded. Green box denotes the MDR.
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MDR were two standard deviations above normal dur-
ing August-October 2003, which is comparable to the
record warmth seen during the extremely active 1998
season (Fig. 4.13c).

These results indicate that the tropical disturbances
during the peak of the 2003 season experienced a linearly
unstable mean current and an extended region of in-
creased cyclonic vorticity as they propagated westward
over very warm SST's into the low-shear, high CAPE
environment in the heart of the MDR. These conditions
were exceptionally conducive to tropical cyclogenesis,
as has also been described for the above-normal 1998-
2000 Atlantic hurricane seasons by Bell et al. (1999, 2000)
and Lawrimore et al. (2001). These very prominent
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Fic. 4.13. Aug-Oct 2003 (a) CAPE (shaded, in J kg™'),
700-hPa wind speeds (contours, interval is 2.0 ms™'), and
anomalous 925-hPa wind vector, and (b) anomalous SST
(°C). (c) Standardized, area-averaged SST anomalies
(°C) in the MDR (20°-90°W and 9°-21.5°N) for consecu-
tive Aug-Oct periods from 1950 to 2003. Green box in
panels (a) and (b) shows the MDR. Anomalies in (a) and
(b) are departures from the 1971-2000 base period
means. SST anomalies in (c) are departures from the
1951-2000 base period means.
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circulation anomalies have prevailed throughout the
above-normal period of 1995-2003, with the exception
of the two El Nifio years (1997, 2002) (Fig. 4.14).

These low-frequency fluctuations in key circulation
anomalies over the tropical North Atlantic are consis-
tent with the strong relationship between multidecadal
variations in the seasonal Atlantic basin activity and the
West African monsoon system (Hastenrath 1990;
Landsea and Gray 1992; Goldenberg and Shapiro 1996).
They are also consistent with the observed transition
to the warm phase of the Atlantic multidecadal mode
during the early and mid-1990s (Landsea et al. 1999;
Mestas-Nuiiez and Enfield 1999). Chelliah and Bell
(2004) have shown that these multidecadal fluctuations
are associated with SST and convective rainfall anoma-
lies spanning the global Tropics. The associated atmo-
spheric circulation anomalies are also Tropics-wide,
and are important to seasonal Atlantic hurricane ac-
tivity because they include key circulation features in
the MDR (Fig. 4.14).
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Fic. 4.14. Area-averaged anomaly time series for each
Aug-Sep period between 1979 and 2003: (a) 200-
850-hPa vertical shear of the zonal wind (m s™'), b) 700-
hPa zonal wind (m s™'), and (c) 700-Pa relative vorticity
(x 10°¢ s7"). Blue curve shows unsmoothed 2-month
anomalies, and red curve shows a 5-pt running mean
smoother applied to the time series. Averaging regions
are shown in the insets. Anomalies are departures from
the 1979-95 base period monthly means.



1) PaciFic TROPICAL STORMS

(i) Western North Pacific typhoon season—S. ). Canarco?

Typhoons can develop throughout the year in the
western North Pacific, with peak activity usually be-
tween July and November. In 2003, there were 28 tropi-
cal cyclones in the western North Pacific basin, includ-
ing typhoons, tropical storms, and tropical depressions;
this was slightly below the 1973-2002 average of 30.3
(median 30.5) [Joint Typhoon Warning Center (JTWC)
best-track dataset; JTWC 2004]. One of these (Jimena)
developed in the eastern Pacific and entered the west-
ern Pacific with tropical depression intensity, while all
of the others formed west of the date line (180°). There
were 23 tropical cyclones with at least a tropical storm
intensity (referred to as “named tropical cyclone”), two
of which (03W and 27W) were not named due to their
minimal intensity—below the 1973-2002 average of
26.4 (median 26, 25th percentile 24; Fig. 4.15a). The
number of tropical cyclones (TCs) reaching typhoon
intensity (17) was close to the 1973-2002 average of 16.5
(median 16). Five typhoons (Kora, Imbudo, Maemi,
Parma, and Lupit) reached supertyphoon intensity,
above the 1973-2002 average of 3.6 (median 3, 75th per-
centile 5; see Fig. 4.15b). On average, over the last 30 yr
12% of the tropical cyclones reached supertyphoon in-
tensity; in 2003, the percentage was slightly higher (18%).
Therefore, while the total number of tropical cyclones
that formed in 2003 was slightly below normal in the
western North Pacific, the number of tropical cyclones
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FiG. 4.15. Number of (a) named tropical cyclones and (b)
supertyphoons per year in the western North Pacific basin
during the period 1950-2003. The solid green line indi-
cates the median for 1973-2002, and the dashed green
lines show the 25th and 75th percentiles. (Data courtesy
of JTWC.)
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that intensified to typhoon and supertyphoon intensity
were normal and slightly above normal, respectively.

Historically, approximately 70% of all western North
Pacific tropical cyclones with at least tropical storm
strength occur between the months of July and Octo-
ber (Fig. 4.16). During the 2003 season, the contribu-
tion of those peak months to the total number of
named tropical cyclones was 60%. An above-average
number of named tropical cyclones occurred in the
previous months (see Fig. 4.16), most notably in May
(historical average of one) when two typhoons (Chan-
Hom and Linfa) and one tropical storm (03W) were
observed. Only twice before has May had more named
tropical cyclones, in 1980 and 1971, when four and five
named tropical cyclones formed, respectively. Only two
named tropical cyclones formed in July, typhoons
Imbudo and Koni, which was below the historical av-
erage of 4.1. Five named tropical cyclones formed in
August and three in September, both months that av-
erage five.

The monthly and seasonal values of the ACE in-
dex (Bell et al. 2000) for the western North Pacific
(Fig.4.17) show a near normal value for the 2003 June-
November season (256.2 x 10* kt?), corresponding to
116% of the median value (268.3 x 10* kt?) during the
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Fic. 4.16. Number of named tropical cyclones per month
in the western North Pacific in 2003 (red line) and me-
dian for the years 1973-2002 (blue line). The error bars
indicate the 75th and 25th percentiles in the years 1973-
2002. In the cases with no error bars, the upper and/or
lower percentiles coincide with the median. The blue
crosses show the maximum and minimum values during
1973-2002. (Data courtesy of JTWC.)
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Opverall, tropical storms and ty-

phoons in the western North Pacific
during 2003 had an average tropical
cyclogenesis position of 12.8°N,
137.5°E, which was west of the 30-yr
historical average (12.8°N, 143.4°E).
The average track position of all
named tropical cyclones in 2003 was
18.6°N, 131.7°E, which was also west
of the historical average position

(19.0°N, 134.2°E) observed over the
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FiG. 4.17. (a) ACE index for the western North Pacific for the years 1950-
2003. The solid green line indicates the median for the years 1973-2002
and the dashed green lines show the 25th and 75th percentiles. (b) ACE
index per month in the western North Pacific in 2003 (red line) and me-

last 30 yr.

The 2003 typhoon season pro-
duced significant impacts in many
countries of the region (see Table
4.1). Among the typhoons that

dian in the years 1973-2002 (blue line). The green error bars indicate the made landfall, super-typhoon
25th and 75th percentiles. In the cases with no error bars, the upper andior Maemi (5-13 September) caused
lower percentiles coincide with the median. The blue crosses show the widespread destruction in South
maximum and minimum values during 1973-2002 (JTWC 2004).

period 1973-2002. The ACE index for the whole year
was slightly above normal (not shown), with a value
327.6 x 10*kt?, which corresponds to 122% of the me-
dian value (268.3 x 10* kt?) of the last
30 yr (1973-2002). There was above-

Korea. Maemi formed east of the
Philippines and moved northwest-
ward while intensifying, reaching its

maximum intensity near Okinawa, Japan, and weak-
ened before making landfall in Korea and finally modi-
fying into an extratopical system in the Sea of Japan.

average tropical cyclone activity dur-
ing April 2003 due to supertyphoon
Kujira (see Fig. 4.17), which lasted
from 9-25 April and reached a maxi-

TasLE 4.1. Western North Pacific tropical cyclones during 2003
with significant impacts in Asia (categories: TS—tropical storm,
TY-typhoon, and STY-super-typhoon).

mum sustained wind speed of 130 kt

Catego Name Period Countries affected

(~67 m s7'). Typhoon Kujira was the gory
fifth supertyphoon' on record during Y Kujira 9-25 Apr Taiwan, Japan
the month of April, and one of the
longest-lived tropical cyclones on TS Linfa 25-30 May Philippines, Japan
r.ecord in the western.North Pacific ba- TY Soudelor 11-19 Jun Philippines, Taiwan,
sin. Other months with above-normal et
activity were May and November.
ACE values were near normal during STY Imbudo 16-24 Jul Philippines, China
the peak months of July-October. The TY Koni 18-22 Jul China, Vietnam
peak ACE value in 2003 occurred in the
latter part of the season during the TY Morakot 1-5 Aug China, Taiwan
months of September-November. Y Etau 3.9 Aug Japan
The five supertyphoons of the 2003
season contributed to 55% of the total TY Krovanh 15-25 Aug Philippines, China
ACE. Super typhoons Luplt (19 No- STY Dujuan 20 Aug-3 Sep China
vember-1 December; maximum sus-
tained winds 145 kt, 75 m s™') and STY Maemi 5-13 Sep South Korea
Kujira, with ACE val £4.60 x 10°

e, wi CE values o . X TY Melor 30 Oct—+4 Nov Philippines, Taiwan
kt*and 4.56 x 10° kt?, respectively, rep-
resented approximately 28% of the to- TY Nepartak 13-19 Nov Philippines, China

tal ACE index in 2003.
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High winds and rainfall associated with Maemi were
responsible for more than 100 deaths and destroyed
more than 1.4 million houses, damaged roads and
bridges, and sank at least 82 vessels.

(1) EasTERN NORTH PAciFic HURRICANE SEASON—D. H. Leunson'*

The hurricane season in the eastern North Pacific
Ocean typically begins in mid-May and extends through
the end of November. Reliable records for the eastern
North Pacific (ENP) basin date to approximately 1951,
and currently NOAA’s National Hurricane Center uses
the 1971-2000 base period for their climatologies. Hur-
ricane detection and tracking has improved greatly dur-
ing the satellite era, and this is especially true for the
ENP basin, where ship reports and other information
had been sparse prior to the deployment of geosta-
tionary satellites. Therefore, historical records for ENP
tropical cyclones are likely incomplete prior to the ad-
vent of satellites in the early 1960s.

In 2003, the hurricane season in the ENP basin was
below normal in several notable categories. The 2003
season included a total of 16 named storms, seven hur-
ricanes, and no major hurricanes in the ENP basin. The
basic statistics of all named
storms in 2003 are shown in
Table 4.2, while a comparison
of 2003 with the 1971-2000
climatology is shown in Table
4.3. The total number of
named storms in 2003

in the ENP is 24 June, a full 2 months before Ignacio
intensified into a hurricane.

Figure 4.18 illustrates the observed tracks of all
tropical storms and hurricanes during 2003. The tracks
of tropical storms and hurricanes in the ENP basin (as
well as in other basins around the globe) are dominated
by cyclones that propagate primarily toward the west-
northwest in the Northern Hemisphere (tropical cy-
clone propagation is typically toward the west-south-
west in the Southern Hemisphere), known as 3 drift.
In 2003, most of the named storms and hurricanes that
formed in the ENP basin followed a typical west-north-
west track, eventually moving over colder waters and
weakening. In addition, this west-northwest propaga-
tion often brings the cyclone into an unfavorable at-
mospheric environment for intensification, due to in-
creased vertical wind shear as the cyclone moves away
from the near-equatorial region into the trade wind
zone and toward higher latitudes.

Recurvature of tropical cyclones in the ENP basin
toward the east substantially increases the probability
of landfall. In addition to the potential for storm surge,
coastal and flash flooding, mudslides, and related natu-

equaled the climatological av- :
erage of 16 for the ENP basin, Max I.-mm .
while the formation of seven Dates . wind (inkt)  Minimum
hurricanes was below the (C)’C|°ge"e'5'5— (intensity, landfall SLP Related
long-term average of nine, No. Name cyclolysis) intensity) (hPa) deaths
and no major hurricanes | Andres 21226 May
formed during the entire sea- ’ Blanca 17-22 Jun
son, while on average four . o 25-27 Jun
typically develop. This was p Siellors 57 Jul
the first year since 1977 where )
no category 3-5 hurricanes > En”'qfle 10=13 Jul
developed during the entire g felc Eadensl
tropical cyclone season in the / Cullire I N
ENP basin. 8 Hilda 9-13 Aug
The 2003 season was also ? Ignacio 22-27 Aug
notable due to the record late 10 Jimena 28-2 Sep
development of the season’s I Kevin 3-6 Sep
first hurricane. On 24 August, 12 Linda 14-17 Sep
H Ignacio intensified from a I3 Marty 19-24 Sep
tropical storm to a category 2 14 Nora -9 Oct
hurricane. The average date I5 Olaf 3-8 Oct
for the development of the 16 Patricia 20-26 Oct
first hurricane of the season
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was H Jimena, which intensified from
a tropical storm on 28 August, and
moved in a relatively straight path west-
ward. Jimena eventually passed within
100 km of South Point, the southern tip
of the Big Island of Hawaii, where tropi-
cal storm-force winds and over 250
mm of rain fell on 31 Augustand 1 Sep-
tember (Fig. 4.19).

During the 2003 season, the last six

FiG. 4.18. The observed tracks of all named tropical storms and hurri-
canes in the eastern North Pacific Ocean during the 2003 season. (Data

courtesy of the University of Hawaii.)

ral disasters, landfalling tropical storms and hurricanes
play an important role in bringing moisture to the
coastal areas of Mexico, as well as to inland Mexico and
the southwestern United States. Beginning with the
formation of TS Andres, which was the only named
storm that formed in the ENP in May, most of the tropi-
cal storms that developed in June and July did not
recurve, but propagated in a typical west-northwest
path where the only threat for landfall is the Hawaiian
archipelago. The one exception was TS Carlos, which
formed on 25 June, 200 miles south-southwest of
Acapulco, Mexico, and quickly moved northward,
making landfall near Puerto Escondido, Mexico, on 27
June.

In mid-August, there was a significant shift in the
observed tracks of tropical cyclones in the ENP. Be-
ginning with development and intensification of H
Ignacio, the majority of ENP tropical storms and hur-
ricanes recurved toward the Mexican coast in late
August, September, and October. The only exception

Climatology
Named storms 16
Hurricanes 9
Major hurricanes (category 3-5) 4
Landfalling tropical storms* 1.34 (~1 yr™')
Landfalling hurricanes* 1.3 (~1 yr™)
Intense landfalling hurricanes™* 03 (< lyr)
ACE for the northeast Pacific 129.7 x 10* K¢
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named tropical cyclones that devel-
oped in the ENP basin followed a
recurvature path to the north along the
coast of Mexico. On average, 1.34 tropi-
cal storms and 1.3 hurricanes make
landfall during the ENP hurricane season (15 May-30
November) along the Pacific coast of Mexico, with re-
spect to the 1950-2000 mean (Jauregui 2003). Overall,
4 of the 16 named storms made landfall during the 2003
ENP hurricane season. Two of these, Ignacio and
Marty, intensified into hurricanes and crossed the Baja
Peninsula in Mexico, while TS Carlos and TS Olaf
struck the Pacific coast of Mexico. One landfalling storm,
TS Nora, was not counted in the total for the season
because it made landfall along the central Mexican coast
only after it had weakened to a depression in early Oc-
tober. Therefore, despite the below-average number
of hurricanes in 2003, the number of landfalling tropi-
cal storms and hurricanes were both above average for
the season.

Of the landfalling storms and hurricanes in the ENP
basin in 2003, by far the most dangerous and destruc-
tive was H Marty, which developed into a tropical de-
pression on 19 September. Marty quickly intensified
into a tropical storm as it initially moved toward the
west-northwest. Marty recurved
to the northwest and intensified
into a category 1 hurricane on 21
September, turning toward the
north and making landfall near
Cabo San Lucas, Mexico, on 22
September, with maximum sus-
tained winds of 85 kt (~44 m s7;
aminimal category 2 hurricane).
Marty moved up the Baja Pen-
insula and weakened, although
the cyclone generated heavy
rains and flooding over much of
the region. Twelve deaths were
eventually related to Marty, with
substantial flooding along the
Baja Peninsula and the Mexican
coast.

2003 season



The lack of any major hurricanes,
the development of only one category
2 hurricane, as well as the record late
formation of the first hurricane of the
season made 2003 a below-normal
year in the ENP basin. This was strongly
reflected in the ACE index (Bell et al.
2000) for the 2003 ENP hurricane sea-
son. The ACE index for the 2003 sea-
son was 48.67 x 10* Kt? (G.D. Bell 2004,
personal communication), which was
approximately 37.5% of the mean value
of 129.7 x 10* Kt* and approximately
43% of the median value of 113 X
10* Kt* determined from the 1971-
2000 base period climatology. Several
environmental factors influenced the
observed anomalous conditions, and
these included: ENP basin SST's, higher
total vertical wind shear over the ENP (see Figs. 4.11a-
b and discussion in section 4br1), the phase of ENSO,
and the phase of the QBO in the tropical lower strato-
sphere.

Whitney and Hobgood (1997) developed an empiri-
cal relationship between SST's and the maximum in-
tensities of tropical cyclones in the ENP basin. They
found that only 11% of ENP storms reach 80% of the
maximum potential intensity (MPI) in the ENP, while
tropical cyclones that formed west of 110°W tended to
reach a higher percentage of their MPI than storms that
developed farther east. In 2003, a majority of the
named storms and hurricanes formed east of 110°W,
which would inhibit their ability to intensify to their
MPI. This was likely influenced by the presence of en-
hanced vertical wind shear in the ENP basin during the
2003 season (see section 4br, Fig. 4.11).

SSTs in the ENP are influenced by the phase of
ENSO, which was neutral during the summer and fall
0f2003. An equatorial Pacific warm event (i.e., El Nifio)
typically increases SST's in the ENP, thereby enhancing
the observed intensity of tropical cyclones in the basin.
However, the climatological frequency of tropical cy-
clones in the ENP basin does not necessarily support
this physical link. Using tropical cyclone data from 1963
to 1993, Whitney and Hobgood (1997) found that there
was very little difference in the frequency of tropical
cyclones over the ENP basin between EI Nifio and non-
El Nifo years. However, this result may be due to the
timing difference between the peak of the ENP hurri-
cane season in September each year and the peak in
the warmer-than-normal SST anomalies associated
with EI Nifio events during the Northern Hemisphere
winter. In fact, they found that the phase of the QBO

AMERICAN METEOROLOGICAL SOCIETY
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Fic. 4.19. Rainfall totals (mm; panel a) and peak wind gusts (m s™'; panel
b) observed on the Big Island of Hawaii during the passage of H Jimena
on 31 Aug and | Sep. (Courtesy of A. Nash, NOAA/CPHC.)

was a more important factor than ENSO in influenc-
ing the maximum intensity of tropical cyclones in the
ENP, mainly by affecting the propagation speed and
the outflow circulation from the upper levels of the
tropical cyclone. Their 31-yr study of ENP storms
showed that tropical cyclones tended to reach a higher
percentage of their MPI, as well as a higher maximum
intensity, when the QBO was in its westerly phase at
30 mb in the tropical stratosphere. The observed in-
fluence of the QBO on tropical cyclone intensities for
the ENP basin found by Whitney and Hobgood (1997)
was similar to that found in the Atlantic basin by Gray
(1984) and Shapiro (1989), among others.

During late 2002, the QBO switched from the west-
erly to the easterly phase, and the phase remained
easterly through the 2003 hurricane season in the ENP.
Therefore, a combination of environmental factors in-
hibited the development and intensification of the
tropical storms and hurricanes to reach higher inten-
sities in the ENP, with the presence of the easterly
phase of the QBO in the tropical lower stratosphere,
as well as the enhanced vertical wind shear in the ba-
sin, likely influencing the observed magnitude and fre-
quency of tropical storms and hurricanes during the
2003 season.

5. POLAR CLIMATE—A. M. Waple," R. C, Schnell,” and
R. §. Stone?”
a. Antarctic
) SURFACE CLIMATE
Annual temperature trends over the last 53 yr
across the southern high latitudes are shown in Fig.
5.1. Marked seasonal and spatial differences are evi-
dent from the stations shown, with eastern Antarctica
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FiG. 5.1. Decadal temperature trends (in °C) for selected Antarctic stations.
(Courtesy of G. Marshall, British Antarctic Survey.)
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having little or no significant an-
nual temperature trend, while
the Antarctic Peninsula has gen-
erally warmed over the last 50 yr.
Coincident with this warming
trend, ice shelves have retreated
on the Antarctic Peninsula along
with decreases in sea ice extent
in the Bellingshausen Sea (e.g.,
Vaughan and Doake 1996), while
sea ice concentration and length
of season have increased in the
Ross Sea, as well as over much
of eastern Antarctica, (e.g.,
Stammerjohn and Smith 1997).
Reliable measurements are dif-
ficult to obtain for Antarctica
given the harsh conditions and
transience of scientific personnel;
however, from the limited data
available, the last decade has
been colder than average in con-
trast to the general increasing
temperature trend from the
late 1950s to the early 1990s,
averaged across the continent.
The June 1991 eruption of Mt.
Pinatubo may have had a
marked influence on Antarctic
temperatures for several subse-
quent years (Jacka and Budd
1998), likely accounting for some
of the decadal cooling. Overall,
2003 was cooler than 2002, but
close to the 10-yr mean.
Decreases in sea ice, in re-
sponse to warmer ocean and
surface air temperatures, amplify
polar climate change through ice
albedo feedback effects. Sea ice
extent surrounding Antarctica
also regulates the production of
Antarctic bottom water forma-
tion, which helps to drive global
ocean circulation. According to
the U.S. National Snow and Ice
Data Center (NSIDC), sea ice
covers approximately 17-20 mil-
lion km? of the Southern Ocean
at its maximum in late winter.
The seasonal decrease is larger in
the Antarctic, with only about 3-
4 million km? remaining at



summer’s end, compared with ap-
proximately 7-9 million km? in the
Arctic. As shown in Fig. 5.2a, in 2002,
sea ice extent in the Antarctic was be-
low average for much of the year. By
year’s end, sea ice extent had begun to
increase in comparison to the 30-yr av-
erage, and for the first 6 months of 2003,
sea ice extent was above average. A
brief decrease relative to the mean was
observed in early to mid-winter, and
then a recovery to above-average sea
ice extent occurred during the remain-
der of 2003. Sea ice surrounding the
Antarctic continent has been increas-
ing from the late 1970s to the mid-1990s
(Fig. 5.2b), but this time series belies
considerable seasonal and spatial vari-
ability. The early part (1973-78) of this
sea ice record is determined using dif-
ferent instruments and may reflect data
calibration problems. For further dis-
cussion on this aspect of the record, see
Folland et al. (2001a).

) ANTARCTIC STRATOSPHERIC OZONE

The NOAA/CMDL ozonesonde
measurements at the South Pole for
2003 are shown in Fig. 5.3. The total col-
umn ozone (blue line) in Dobson units
(DU) and temperature (red line) in the 20-24-km layer
of the stratosphere illustrate the development of an
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Fic. 5.3. (@) Summary of South Pole total ozone (in DU) and stratospheric
temperatures (°C) measured by ozonesondes during 2003. Three se-
lected profiles of altitude vs ozone partial pressure (mPa) are shown in
the lower panels: (b) prior to the 2003 ozone hole, (c) the minimum
total ozone, and (d) postozone hole. (Courtesy B. Johnson and
S. Oltmans, NOAA/CMDL..)

average ozone hole over South Pole station. However,
the extent of the ozone hole area (< 220 DU) measured

FiG. 5.4. (a) Mean annual surface air temperature anomalies (in °C) for 2003, with respect to the 1954-2003 mean
(courtesy of B. Chapman); (b) mean annual 500-hPa height anomalies (m) for 2003, with respect to the 1968-96

mean.
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by the National Aeronautics and Space
Administration (NASA) Total Ozone Mapping Spec-
trometer (TOMS) instrument was near record levels
at 28.2 million km?. From June to early August, cold
stratospheric temperatures and a stable winter/spring
polar vortex provided favorable conditions for the for-
mation of polar stratospheric clouds. These cloud sur-
faces enable the transformation of chlorine and bro-
mine compounds into species that destroy ozone when
sunlight returns to the Antarctic stratosphere.

The selected profiles from 6 August and 26 Sep-
tember show that ozone in the 14-21 km layer was
nearly completely destroyed by the time the minimum
total ozone column ozone of 106 DU was observed in
mid-September. The 60% drop in total column ozone
was equal to the 10-yr average loss of 60 +6%. However,
the record minimum total ozone remains at 89 DU
measured at South Pole station on 6 October 1993. The
ozonesonde measurements in 2002 (dashed lines in Fig.
5.3), show a large increase in stratospheric tempera-
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Fic. 5.5. Time series of annual and seasonal sea ice ex-
tent in the Northern Hemisphere, 1901-2003 (annual
values from Vinnikov et al. 1999; seasonal values cour-
tesy of B. Chapman, updated from Chapman and Walsh
1993).

DIMISHING SEA ICE IN THE WESTERN ARCTIC OCEAN—R. §. Stone,”

G. Belchansk

Since the advent of satellite passive
microwave radiometry (1978),
variations in sea ice extent and
concentration have been carefully
monitored from space. An esti-
mated 7.4% decrease in sea ice
extent has occurred in the last 25
yr (Johannessen et al. 2004), with
recent record minima (e.g.,
Maslanik et al. 1999; Serreze et al.
2003) accounting for much of the
decline. Comparisons between the
time series of Arctic sea ice melt
dynamics and snowmelt dates at
the NOAA-CMDL Barrow Obser-
vatory (BRW) reveal intriguing
correlations.

Melt-onset dates over sea ice
(Drobot and Anderson 2001) were
cross correlated with the melt-date
time series from BRW, and a
prominent region of high correla-
tion between snowmelt onset over
sea ice and the BRW record of
melt dates was approximately
aligned with the climatological
center of the Beaufort Sea Anticy-
clone (BSA). The BSA induces
anticyclonic ice motion in the
region, effectively forcing the
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*S. Drobot,” and D. C. Douglas"

Beaufort gyre. A weak gyre caused
by a breakdown of the BSA
diminishes transport of multiyear
ice into this region (Drobot and
Maslanik 2003). Similarly, the
annual snow cycle at BRW varies
with the position and intensity of
the BSA (Stone et al. 2002, their
Fig. 6). Thus, variations in the BSA
appear to have far-reaching effects
on the annual accumulation and
subsequent melt of snow over a
large region of the western Arctic.
A dramatic increase in melt
season duration (Belchansky et al.
2004) was also observed within the
same region of high correlation
between onset of melt over the ice
pack and snowmelt at BRW
(Fig. 5.7). By inference, this
suggests linkages between factors
that modulate the annual cycle of
snow on land and processes that
influence melting of snow and ice in
the western Arctic Ocean.

Causes of a Lengthening Sea Ice Melt Season
Belchansky et al. (2004) found

that the duration of the sea ice

melt season was correlated with

the phase of the previous winter’s
Arctic Oscillation (AO) index
(Thompson and Wallace 1998).
Following positive AO index
winters, melt onset has tended to
be early, and the autumn freeze
late, especially in the regional ‘“hot
spot” indicated in Fig. 5.7. Serreze
et al. (2003) cautioned that while
much evidence supports this view,
there were notable exceptions. For
example, the 2002 record mini-
mum ice extent, which was
dominated by a negative anomaly
in the western Arctic, followed a
winter of alternating AO indices.
This anomaly was caused by
abnormally warm atmospheric
temperatures during spring,
followed by a summer during which
cyclonic surface winds exported sea
ice from the region.

Spring appears to be a critical
transition period in the annual
cycles of snow and sea ice. A
schematic of the synoptic pattern
that persisted during March, April,
and May of 1996, 1998, and 2002,
years when melt onset was early, is
shown in Fig. 5.7. During these



ture and ozone over the South Pole on 25 September,
when a rare stratospheric warming event in the South-
ern Hemisphere forced an early breakup of the ozone
hole. Therefore, with the return of near-average ozone
hole conditions over the South Pole in 2003 there ap-
pears to be no immediate signs of long-term recovery,
and 2002 remains an anomalous event.

b. The Arctic

) SEA ICE AND TEMPERATURE

Temperature over the Arctic basin for 2003 was
warmer than average (Fig. 5.4a), with autumn and win-
ter exhibiting the largest anomalies over the western
half of the Arctic Ocean and moderate cool anomalies
over the eastern part of the basin. This broadly coin-
cided with the pattern of positive and negative height
anomalies at the 500-hPa level in the region (Fig. 5.4b).
Spring and summer were moderately warm over most
of the basin. Temperature trends over the last 50 yr
for the Arctic (not shown) illustrate significant warm-

periods there was a complete
breakdown of the BSA. The
transport of warm, moist air into
the Arctic was greatly enhanced by
a persistent synoptic pattern that
coupled a high pressure system
centered over Alaska with a well-
organized AL centered over the
western Bering Sea. A mean back
trajectory is shown in Fig. 5.7
relative to the region of long
duration of sea ice melt.

Warm air advection associated
with this synoptic pattern adds
moisture to the Arctic atmosphere,
increasing cloudiness. Prolonged
effects of warm air advection
(boundary layer turbulence),
augmented by cloud radiative
forcing can modify the microphysi-
cal structure of the overlying snow.
This “ripening” may precondition
the snowpack such that the melt is
accelerated during May/June when
solar insolation reaches its annual
peak.

Significant ice melt also cannot
occur until the insulating layer of
snow atop the sea ice first melts. If
snow accumulation on sea ice is

low, and
conditions favor
an earlier
ripening of the
pack as de-
scribed above,
then the snow
cover will melt
more rapidly,
advancing the
onset of ice
melt. Thus,
reduced
snowfall over
the western
Arctic Ocean in
recent years
may account, in
part, for the
decline in sea
ice in that
region.
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FiG. 5.6. Time series of snowmelt dates constructed for
the NOAA/CMDL Barrow Observatory. Three linear re-
gressions are plotted: an overall fit for 1941-2003 (thin
black line), for all years prior to 1977 (red), and a third
beginning in 1977 (blue). Results of an empirical model
are also shown (dashed). The time series was compiled
from direct snow depth observations, from proxy esti-
mates using daily temperature records, and (beginning
in 1986) on the basis of surface radiometric measure-
ments (updated from Stone et al. 2002).

Fig. 5.7. Change in the melt season duration from 197988 to
19892001 determined from passive microwave-derived melt
onset and freeze-onset dates (adapted from Belchansky et al.
2004; Fig. 6). The contours show, schematically, the composite
synoptic pattern, and associated prevailing wind (arrow) at
850-hPa during March, April, and May, 1996, 1998, and 2002,
preceding periods of extreme ice retreat in this region.
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ing across the northern continents. However, it is un-
clear what trend has occurred across much of the cen-
tral Arctic Ocean due to a lack of data. Much of the
50-yr trend in the land-based annual temperatures was
derived from winter and spring anomalies, which, in
the case of winter, exceeded 4°C in broad areas of North
America and Russia.

Following the record low sea ice extent in 2002, there
was modest recovery in 2003 to annual values similar
to those in 2001 (Figs. 5.2b,c). Both spring and sum-
mer had large increases over 2002, but further sea ice
extent decreases were evident in fall and winter, with
fall having its lowest extent during the period of record
(Fig. 5.5). Surface air temperature anomalies exceeded
4°C over the majority of the Arctic basin during Octo-
ber, and this aided in delaying freeze up across the sea
surface, leading to a record-low sea ice extent for the
month. The rate of refreezing remained low through-
out November and December, which was reflected in
the ice concentrations and extent. Sea ice extent
anomalies for October also reached their lowest value
for any month since the early 1970s (Fig. 5.2d). The low
October sea ice was comparable only to 1995, when
the large negative anomaly (over 1 million km?) was
sustained for several months, but did not quite reach
the same value as for October 2003 (1.39 million km?).

) SNOWMELT

Snow cover for the Northern Hemisphere, includ-
ing regions extending into the Arctic, is described in
section 2d. However, presented here is snowmelt in-
formation for northern Alaska as well as an associated
discussion of sea ice variability. Previous climate assess-
ments (Lawrimore et al. 2001; Waple et al. 2002; Waple
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Fic. 6.1. Canadian nationwide annual temperature de-
partures (blue line) and long-term trend (red line) for
the period 1948-2003. Anomalies (in °C) were deter-
mined with respect to the 1951-80 base period. (Cour-
tesy of the Meteorological Service of Canada, Environ-
ment Canada.)
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and Lawrimore 2003) documented an advance in the
date of snow disappearance (melt date) in spring at the
NOAA/CMDL Barrow Observatory (BRW). In this
section, the time series of BRW melt date is updated,
and the record is examined in the context of sea ice
variations in the western Arctic Ocean, defined here as
the region from the East Siberian Sea to the Beaufort
Sea (see sidebar, p. 32).

Although 1999, 2000, and 2001 were years of mod-
erately late snowmelt at BRW, 2002 was the earliest on
record. In 2003, the melt date was again early (Fig. 5.6).

Since 1940, the spring melt at BRW has advanced
by about 10 days (+4.8 days, 95% C.L.) and most of the
advance has occurred since 1976. The break in the
record coincided with shifts in other climatic as well as
biological indicators of change (Hare and Mantua 2000).
The observed variations in the annual snow cycle of
northern Alaska are largely attributable to changes in
atmospheric circulation related to intensification of the
Aleutian low (AL), in conjunction with fluctuations of
the Beaufort Sea anticyclone (BSA). On this basis, an
empirical model was developed to predict melt dates
at BRW (Fig. 5.6, dashed curve). About 80% of the vari-
ance in melt dates at BRW are explained by changes in
snowfall during winter, and variations in spring tem-
peratures and cloudiness (Stone et al. 2002).

6. REGIONAL CLIMATE
a. North America

) CaANADA—D. H. Levivson' axo D. Pivuies?®

(i) Temperature

The majority of Canadian provinces and territo-
ries experienced above-normal temperatures in 2003,
and the country as a whole had an annual mean tem-
perature anomaly of 1.1°C above normal for the year
(with the respect to the 1951-80 mean). Nationally av-
eraged temperatures have been at or above normal
for the last 11 consecutive years, and 2003 ranked as
the sixth warmest since nationwide records began in
1948. Canadian temperatures have shown pronounced
variability over the 56-yr record of countrywide mea-
surements (Fig. 6.1), but overall there has been along-
term surface warming trend of +1.1°C. The highest
annual nationwide temperature anomaly of +2.5°C oc-
curred in 1998, which was by far the warmest year over
the period of record. Of the last 6 yr (1998-2003), 5
have been in the top 10 warmest, with the only excep-
tion being 2002. On a seasonal basis, the summer of
2003 was the fourth warmest, and the 11th consecu-
tive warmer-than-average summer. In fact, all four sea-
sons had above-normal temperatures in 2003, with
warmer-than-average conditions in 25 of the last 26
seasons.



Regionally, allbut 1 of 11 climate re-
gions had annual temperatures that
were above normal in 2003. Five regions
had annual mean temperatures that
ranked 2003 among the 10 warmest
years on record, and they were the Arc-
tic mountains and fjords (+2.0°C, sec-
ond warmest), Arctic Tundra (+1.8°C,
fifth warmest), southern British Co-
lumbia mountains (+1.1°C, seventh
warmest), Mackenzie district (+1.4°C,
eighth warmest), and Pacific coast
(0.9°C, ninth warmest). These rankings
illustrate the exceptionally warm con-
ditions experienced across the Cana-
dian Arctic during 2003. Figure 6.2
shows the spatial pattern of observed
temperature anomalies in 2003 across
Canada. High-latitude areas had by far
the largest temperature anomalies for
the year. Most of Nunavut, the Northwest Territories,
and the Yukon were at least 1.1°C above normal, with
some areas exceeding 2.5°C above the long-term an-
nual mean (see section 5b for further discussion of 2003
Arctic temperatures). Western Canada also had
above-normal mean temperatures in 2003, with the
largest positive temperature departures in the
Okanagan River valley in British Columbia.

In contrast, eastern Ontario, southern Quebec, and
the Maritime Provinces all had near-normal tempera-
tures for the year, with negative temperature anoma-
lies in the Saint Lawrence River valley of southern Que-
bec, and a small region in southeast Ontario along the
Great Lakes. Overall, the winter of 2002-03 was one
of the coldest winters across eastern parts of Canada
in 20 yr. The coldest conditions occurred in early
March, when an Arctic air mass brought record-low
temperatures across most of Canada. The below-
normal temperatures produced the most extensive ice
conditions since the mid-1990s on the Great Lakes—
Saint Lawrence waterways and along the East Coast.
In March, the Great Lakes had their greatest ice cover
extent since 1996, with the surfaces of Lakes Superior,
Erie, and Huron 98% covered at their peak, and in the
Gulf of Saint Lawrence the ice extent was 50% above
normal.

(ii) Precipitation

Canadian nationwide precipitation was 1.8% above
average in 2003 (based on preliminary data, with the
respect to the 1951-80 mean), which made it the sec-
ond consecutive year with wetter-than-normal condi-
tions. Precipitation has been above average in Canada
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FiG. 6.2. Annual temperature departures (in °C) across Canada in 2003,
with respect to the 1951-80 base period.

since about 1970, with the wettest year on record in
1996 (+9.1%) and the driest year in 1956 (—7.3%).

The Canadian Arctic was the most anomalously wet
region in 2003, which continued a trend of wetter-than-
normal conditions across the region for most of the
past 3 decades. In 2003, the Arctic tundra region had
the largest positive precipitation anomaly (+19.9%,
fourth wettest) of any Canadian region (Fig. 6.3), and
this region has not had a drier-than-normal year in the
last 25 yr.

In contrast to the Arctic, drier-than-normal condi-
tions continued in 2003 in the western provinces, with
parts of the Canadian prairies having experienced their
fourth year of drought conditions. Annually averaged
precipitation was below normal from the coast of Brit-
ish Columbia through the Prairie Provinces (—21%, third
driest), with dry conditions extending eastward across
northern Ontario to parts of Newfoundland and La-
brador. The dry conditions contributed to one of
Canada’s worst fire seasons in the last 50 yr in the west-
ern provinces.

(iii) Significant events—Hurricanes and wildfires

Numerous notable weather events occurred across
Canada in 2003, and these included four tropical storms
and hurricanes that passed near or made landfall along
the Atlantic coast (i.e., Fabian, Isabel, Juan, and Kate;
see section 4br for a thorough discussion of the Atlan-
tic hurricane season). By far the most destructive of
these tropical cyclones was hurricane Juan, which
struck Halifax, Nova Scotia, on 29-30 September. Juan
formed southeast of Bermuda, intensified as it moved
directly northward, and made landfall at Halifax as a
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Fic. 6.3. Annual precipitation departures (in %) across Canada in 2003,

with respect to the 1951-80 base period.

Degrees F

category 2 hurricane with sustained winds of 158 km h™
and gusts of 185 km h™". The strong winds generated a
storm surge of 1.5 m, and raised the water level of
Halifax harbor to a record 2.9 m. The storm weakened
as it moved over Nova Scotia, and eventually passed
over Prince Edward Island as a marginal category 1 hur-
ricane. Juan was only the fourth category 2 hurricane
to strike Nova Scotia since the early 1800s, and only
the second hurricane to hit Prince Edward Island since
1930. At its peak, Juan left more than 300,000 homes
without power across the two provinces.

Opverall, it was a near-average fire year in Canada
in terms of number of fires (8226 by the end of No-
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FiG. 6.4. Annual temperature averaged across the con-
tiguous United States from 1895 through 2003. (Data
courtesy of the U.S. Historical Climate Network; Karl

et

al. 1990.)
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vember 2003), but only half the total
number of hectares consumed (1.6 mil-
lion ha) when compared to the 10-yr
average. While these nationwide statis-
tics imply an “average” year, the sever-
ity and extent of the damage from the
2003 fire season made it one of
Canada’s worst. The most destructive
fires occurred in British Columbia in
August and September, which experi-
enced its worst fire season as well as the
most expensive natural disaster in the
province’s history. In total, 2500 wild-
fires burned 2650 mi? (6863 km? or
686,347 ha) of forests, rangeland, and
residential areas across British Colum-
bia, which is 11 times the annual aver-
age area burned in the province over
the last 10 yr (source: Canadian Inter-
national Forest Fire Centre). Over the
course of the season, more than 50,000
residents of British Columbia were evacuated due to
fires and related smoke in 2003, which was the second
largest evacuation in Canadian history.
Approximately 1 month after the fires had abated,
a week-long autumn rain event in mid-October gen-
erated extensive flooding across British Columbia,
because the dry rivers and creeks filled quickly with run-
off and sediment from the burned areas. The Meteo-
rological Service of Canada estimated that the intense
multiday downpour was likely the largest deluge to
strike the West Coast of Canada in more than 200 yr.

1) UniTep StaTes oF AMERICA—N. L. Gieason, A. M. Wate,
T. Eicater,” avo G. D. Beu®

(i) Overview

Reliable monthly, seasonal, and annual weather
records for the United States exist from 1895 to the
present, enabling the climate of 2003 to be placed in a
109-yr context for the contiguous United States. An-
nual temperatures in 2003 ranked 14th warmest in the
last 109 yr with a nationally averaged temperature of
12.2°C (0.7°C above the 1895-2002 mean). The linear
temperature trend averaged across the contiguous
United States was 0.1°F decade™ since 1895, with an
increase to 0.6°F decade™ since 1976. The last five 5-yr
periods (1999-2003, 1998-2002, 1997-2001, 1996-2000,
1995-99) were the warmest five-year periods in the last
109 yr of national records, with the most recent 6-
(1998-2003), 7- (1997-2003), 8- (1996-2003), 9- (1995—
2003), and 10-yr (1994-2003) periods also the warmest
on record for the United States, which illustrates the
anomalous warmth of the last decade (Fig. 6.4). Warm
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anomalies were not uniformly distributed across the
nation. The western half of the United States was per-
sistently warmer than average (Fig. 6.5a) with moder-
ate dry anomalies (Fig. 6.5b) increasing long-term (4-
5 yr) western drought extent and severity in some areas.
Cooler-than-average temperatures were recorded
along the eastern seaboard, with much of the East also
experiencing wetter-than-average conditions for the
year; three mid-Atlantic states had their wettest calen-
dar year on record.

(i) Precipitation and temperature

Precipitation across the United States in 2003 was
characterized by moderate yet persistent deficits in the
West and above average to record wet anomalies in
the East (Fig. 6.5a). Averaged across the contiguous
United States, precipitation was near the long-term av-
erage (1895-2003) of 739 mm at 760 mm. The previ-
ous 4 yr had below-average precipitation for the na-
tion, in large part due to a persistent La Nifa
(1998-2001). As a weak to moderate El Nifio developed
in 2002, the southeastern United States began to re-
ceive more rainfall. Several landfalling hurricanes in
September and October 2002 also helped to break the
4-yr drought for much of the Southeast. Apart from
January 2003, the remainder of the year was mostly
wet for much of the eastern seaboard with Virginia
(exceeding the previous annual record by the end of
November), North Carolina, and Maryland all break-
ing their annual precipitation record. September rain-
fall along the East Coast was also enhanced by the land-
fall of Hurricane Isabel midmonth along North
Carolina’s Outer Banks. Heavy rain fell from the North
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U.S. TORNADO RECORDS—A. M. Waple"

May 2003 had a total of 546 tornadoes, the most
reported in any month for the United States,
exceeding the previous monthlyear record by
145 tornadoes. Two outbreaks of severe
weather, on 3-5 May and on 10-11 May, led to
25 F3-F5 tornadoes (on the Fujita scale*) for the
month. A total of 35 F3-F5 tornadoes occurred
in 2003, which was near average over the 50 yr
of reliable tornado records. A slight negative
trend in tornado activity is evident from Fig. 6.6.
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Fic. 6.6. The number of F3—F5 tornadoes between March
and August for the contiguous United States from 1950
through 2003.

* The Fujita scale classifies tornadoes based on wind strength, es-
timated by associated damage (Fujita 1971). The F scale gives
each tornado a numerical rating from FO (weak) to F5 (violent).
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ments were evident in summer months, largely due
to beneficial rains in the Plains and Great Lakes,
drought extent again increased in the fall, with 42% of
the 48 contiguous states in drought in October
(Fig. 6.7). At the peak of the 2003 drought in late Sep-
tember/early October, approximately 80% of the west-
ern United States, from the Rockies to the Pacific coast,
was affected by moderate to extreme drought. This
rivals the greatest drought extents of the twentieth cen-
tury in the West. By the end of 2003, nearly 70% of
the western United States remained in moderate to

extreme savers maoderate mid- moderately very extremely

drought drought drought range moist moist moist extreme drought-
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Fic. 6.7. PHDI for Oct 2003, illustrating the maximum
drought extent in the West in 2003. The PHDI describes

several persistent circulation features, including an
anomalous flow of marine air into the western United

long-term drought conditions (Heim 2002).

Carolina coast northward through Virginia and into
West Virginia and Pennsylvania (see Fig. 4.8). Storm-
total precipitation exceeding 150 mm was measured in
northwestern Virginia. Inland flooding was exacer-
bated by several months of very wet conditions

The wet conditions in the East coincided with cooler-
than-average temperatures, especially in the summer,
while record or near-record temperatures were re-

States, an enhanced subtropical jet stream, and in-
creased storminess across the South and East. The per-
sistence of these circulation features was linked to three
distinct circulation regimes. During October 2002-
January 2003, they were linked to a combination of
El Nifio and the negative phase of the Arctic Oscilla-
tion (AO). During April-June they were associated with
anomalously zonal flow across the country, combined
with major Appalachian cold-air damming events in
the East during April-May, and a series of major cold

corded in the West. Significantly
above-average heat dominated
the weather west of the Rocky
Mountains during the summer
months (June-August) with both
Idaho and Utah having their
warmest summer on record, av-
eraged statewide. July was ex-
tremely warm in the West, with
Idaho, Wyoming, Utah, Colo-
rado, Arizona, and New Mexico
each reporting their warmest July
in the past 109 yr. Idaho and
Wyoming also broke records the
following month with their
warmest August on record for
each state.

Drought continued to be a
concern for the United States in
2003. At the beginning of the
year, approximately one-third
of the contiguous nation was in
moderate to extreme drought,
[as defined by the Palmer Hy-
drological Drought Index
(PDSI)]. Although improve-
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frontal passages in the East during June.
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FiG. 6.8. 200-hPa: Oct 2002-Jan 2003 (a) heights and anomalies (m) and (b)
wind speeds and anomalies (m s™'). Anomalies (shading) are departures from
the 1971-2000 base period monthly means




The frequency and spatial extent
of wildfires during the twentieth
century in the southwestern
United States reflect recent land
management practices, including
grazing and fire suppression. Both
cause a lower incidence of fire, but
have also caused an accumulation
of biomass, which has lead to
catastrophic wildfires. Before such
management practices were
employed, fires in the southwest-
ern United States were frequent,
but were of a low intensity and low
severity. These fires often scarred
trees without killing them, leaving
a record of past fire events con-
tained in the sequence of scars at
the base of the tree. By examining
and dating scars in numerous trees
from ponderosa pine, Douglas fir
and pinyon forests throughout
Arizona and New Mexico, scientists
have been able to reconstruct the
amount of area burned and learn
more about the spatial and tempo-
ral patterns of past fire regimes.
The fire-scar record for the
southwestern United States,
compiled from several dozen sites
across this region, and validated
with historical documents, was
found to closely correspond to the
temporal pattern of ENSO
(Swetnam and Betancourt 1990).
Greater area burned coincides
with La Nifia years, which are
typically very dry in the American
Southwest, while a smaller area
burned corresponds to El Nifio
years, which tend to be wetter.
These findings indicate that
seasonal climate is a key control on
fire at this regional scale. When
the fire-scar record is extended
back in time, it provides a history
of fire occurrence going back
three or more centuries. A
reconstructed Niiio-3 index (Cook
2000) was compared with this
record to show that the same
relationships between areas
burned and El Nifio and La Nifa

events are consistent throughout
the full record, and that relation-
ships between fire and climate in
the paleoenvironmental records
have persisted into the twentieth
century (Westerling and Swetnam
2003) (Fig. 6.9, bottom).

It has also been shown that the
area burned in the United States
can be approximated using a
network of tree-ring-reconstructed
PDSI grid points (Cook et al. 1999;
Westerling and Swetnam 2003).
An analysis of the reconstructed
area burned indicates an inverse
relationship between fire in the
northwestern and southwestern
United States over the past 300 yr,
reflecting the regional ENSO
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pattern. In general, El Nifio years
are wet in the Southwest and dry in
the Northwest, and vice versa for
La Nina (Fig. 6.9). Because of this
apparent relationship, and the
current forecast skill for ENSO,
this information is being used in fire
management. In 2003, weak

El Nifio conditions existed, along
with widespread warm and dry
conditions across large areas of the
western United States. As a result,
fire occurred in both the south-
western and northwestern United
States, but with near- to below-
average acreage burned in both
regions (source: National Inter-
agency Fire Center, available online
at www.nifc.gov).
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Fic. 6.9. Reconstructions of area burned (shown as the standard deviation of log-10
units) for (top) the northwestern United States (California, Oregon, and Washing-
ton), and (bottom)the southwestern United States (Arizona, Nevada, Utah, Colorado,
and Wyoming), 1701-1978. El Nifio (blue dots) and La Nifia (red dots) events from
the Cook (2000) Nifio-3 index reconstructions are indicated. In general, area burned
in the Northwest has been inversely related to area burned in the Southwest. In the
northwestern United States, a smaller area burned was associated with La Nifa events
while a larger area burned was associated with El Nifio events. The reverse relation-
ship has been true for the southwestern United States.
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During October 2002-January 2003 the upper-level
height anomalies exhibited a pronounced zonal sym-
metry, with positive anomalies over the polar region
and at lower latitudes, and negative anomalies in
middle latitudes (Fig. 6.8a). These conditions were as-
sociated with 1) an eastward extension of the East Asian
jet stream (Fig. 6.8b), 2) an enhanced subtropical jet
stream across the southern United States, 3) an ampli-
fied ridge-trough pattern over North America with
anomalous northerly geostrophic flow across the
north-central and northeastern United States, and 4)
an enhanced North Atlantic jet stream, which was
shifted south of its normal position. This combination
of conditions contributed to an anomalous flow of mild
marine air into the western United States, to an en-
hanced storm track across the southern United States,
and to anomalously cold and wet conditions (includ-
ing a snowy 2002-03 winter) in the East.

The positive phase of the Pacific North American
(PNA) pattern seen during October 2002-January 2003
was also consistent with the weak-to-moderate El Nifio
conditions (see section 4a) (Horel and Wallace 1981).
Therefore, this combination of El Nifio and the nega-
tive phase of the Arctic Oscillation (AO) is considered
a dominant contributing factor to the anomalous tem-
perature and precipitation patterns across the United
States during the period. This association of leading
modes highlights an important way in which the ex-
tratropical climate variability modulates the ENSO
teleconnections across North America. For example,
El Niflo events favor above-average winter tempera-
tures across Canada and below-average temperatures
over the southeastern United States (Ropelewski and
Halpert 1987). However, this temperature pattern can
be modified substantially depending on the phase of the
North Atlantic Oscillation (NAO), with the negative
phase of the NAO leading to anomalously cold condi-
tions across the southeastern and mid-Atlantic states,
and the positive NAO leading to anomalous warmth
across the eastern half of the United States (Hurrell 1995).

During April-June 2003, the East Asian jet stream
extended southeastward into the base of the mean
upper-level trough upstream of California, and an
enhanced subtropical jet stream again extended across
the southern United States. This circulation pattern
again resulted in an enhanced flow of mild air into the
western United States, and an enhanced low-latitude
storm track across the southern United States. Several
of these storms subsequently redeveloped along the
East Coast, leading to above-average precipitation
across the Southeast and East.

The anomalously cold and wet conditions across the
eastern United States during April-May 2003 were also
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related to an increased frequency of Appalachian cold-
air-damming events. Cold-air-damming episodes are
often associated with East Coast cyclogenesis events,
and can influence the precipitation distribution associ-
ated with East Coast storms (Forbes et al. 1987). Cold-
air damming was observed on 10 days during both April
and May 2003, approximately twice the climatological
average (Bell and Bosart 1988; Bailey et al. 2003), and
accounted for the main cold-air outbreaks in the mid-
Atlantic region during both months.

(iii) Snow

The eastern seaboard had an active 2002-03 snow
season beginning in November 2002. Albany, New
York, received over 30 cm of snow in November 2002,
followed by 53 cm in December. Snowfall totals of 30—
60 cm fell across much of central New York and north-
east Pennsylvania, and into parts of New England on
2-4 January. Significant snow accumulations occurred
over parts of the Southeast in late January when 10-
30 cm of snow fell across parts of North Carolina, in-
cluding the Outer Banks where snow is uncommon.
The “President’s Day Snowstorm” in mid-February
had some of the largest snow accumulations along the
mid-Atlantic to New England coasts since the Blizzard
of 1996 (Halpert and Bell 1997). As a result of this and
other snow events throughout the month of Febru-
ary, several cities along the East Coast set new monthly
snowfall records including: Pittsburgh, Pennsylvania,
Baltimore, Maryland, Wilmington, Delaware, and
Clarksburg, West Virginia. In mid-March, a large win-
ter storm impacted Colorado’s Front Range. Snowfall
was heaviest just west of Denver where up to 220 cm
of snow was reported. Denver received 80 cm over the
17-19 March period. This was the second biggest snow-
storm on record for Denver, and the city reported its
snowiest March on record. Other cities with significant
storm totals were Boulder, Colorado, with 130 cm, Fort
Collins, Colorado, with up to 78 cm and Cheyenne,
Wyoming, with over 45 cm. Despite the significant
snowfall in March, season-to-date snowfall totals in this
region were only near or below normal. Nevertheless,
this event did help alleviate short-term water supply
concerns, which were the result of ongoing drought
across the region.

(iv) Wildfires

There were three main centers of action with respect
to wildfire activity in 2003: the Southwest, especially
New Mexico and Arizona in May-]July, the northern
Rockies in July-September and southern California in
October. For the season, over 1.5 million ha burned in
2003, which is about 80% of the 10-yr national average.
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FiG. 6.10. Annual mean precipitation anomalies (mm) over
Mexico in 2003. Data are from the CAMS-OPI analysis,
with anomalies determined from the 1961-90 base pe-
riod. (Courtesy of NOAA/CPC.)

The western U.S. wildfire season began later in the
year than average as a result of a wet February-April
period. By the end of May, a heat wave accompanied by
dry conditions affected much of the western United
States, which resulted in an increase in fire activity in the
Southwest. Persistent hot and dry conditions fueled
fires, which continued well into July. Fire danger indi-
ces escalated in early July as a result of a persistent ridge
ofhigh pressure situated over the western United States.
By late July, a series of lightning storms led to an increase
in fire activity throughout the Northwest, the eastern
Great Basin, and the northern Rockies, including parts
of Glacier National Park. Over 280,000 ha were con-
sumed in the northern Rockies wild-
fire season and wildfire consump-
tion was reported to be about 80%
of the 10-yr average at this time.

Large wildfires broke out in
southern California in late October
as a result of persistent warm and
dry conditions, large amounts of
available fuel in the form of dead
and dormant vegetation, and strong
Santa Ana winds. Over 300,000 ha
were consumed by 15 large fires
during October. Higher humidity,
cooler temperatures, and rainfall in
early November helped firefighters
contain these blazes. The most de-
structive of these fires, the Cedar

Fire in San Diego County, destroyed  yg, 6.11. May-Oct 2003 precipitation anomalies (mm) for Mexico, with
over 100,000 ha and was the largest  respect to the 1941-2002 base period. (Courtesy of Servicio Meteorologico

) Mexico—D. H. Levnsow," M. Cortez Vizquez,' ano A. Douetss

For 2003, precipitation totals over Mexico were near
normal, although significant rainfall anomalies oc-
curred across the country. During the first 5 months
of the year, the accumulated rainfall across Mexico as
a whole was below normal, with the national weighted
precipitation total at 76% of average during the Janu-
ary—May period. In contrast, the latter half of the year
was wetter than normal, with the largest positive rain-
fall anomalies during autumn (September—November).
Figure 6.10 shows the annual precipitation anomalies
across Mexico from the CAMS-OPI dataset (Janowiak
and Xie 1999). The national area-weighted mean pre-
cipitation for Mexico in 2003 was 796 mm, which was
103% of the long-term mean of 772 mm. Overall, it was
a year of wet and dry contrasts, with significant wet
anomalies over the isthmus of Tehuantepec and the
northeastern states, as well as in the southern Baja Pen-
insula, and dry anomalies over central Mexico and the
northern Baja Peninsula.

The rainy season, which normally extends from the
end of May to mid-October, began with drier than
normal conditions during May across approximately
60% of the country. During the June through August
period, monthly totals were normal to slightly below
normal, with the driest conditions concentrated in the
states of Chihuahua and Sinaloa (Fig. 6.11). Heavy pre-
cipitation events in September and October across
northwestern, northeastern, and central Mexico led a
recovery from deficits experienced during the first half
of the summer wet season. Several of these heavy rain-
fall events produced flooding over central Mexico (i.e.,
Guanajuato, Queretaro, and Hidalgo states). Coun-

fire in California since 1932. Nacionale-SMN Mexico.)

AMERICAN METEOROLOGICAL SOCIETY

JUNE 2004 BAIS | $41



trywide, for the entire summer rainy season (May-
October), precipitation averaged 110% of normal, and
September and October were 122% and 147% of nor-
mal, respectively (Fig. 6.11). The broadest area of be-
low normal precipitation was centered in the large
northern Mexican state of Chihuahua, where a sig-
nificant long-term (> 2 years) moisture deficit contin-
ued in 2003.

The heavy rainfall events that occurred during the
latter part of the rainy season were related to the in-
fluence of tropical storms, and an active period of tropi-
cal easterly waves. During the 2003 season, eight tropi-
cal cyclones made landfall in Mexico on the Pacific and
Atlantic coasts, combined. For the period 1970-2003,
this was second only to 1971 when nine TCs made land-
fall in Mexico. The northeastern Pacific region was par-
ticularly active for tropical cyclone impacts, because five
TCs made landfall in Mexico. Above-normal rainfall
in northeast Mexico was associated with two Gulf of
Mexico tropical cyclones that moved westward in July
and August (Claudette and Erika) and eastern north
Pacific tropical storms that recurved to the northeast
in October (Nora and Olaf). In Baja, California, and
western Sonora, heavy precipitation was associated
with two hurricanes that moved northward through
the Gulf of California in August and September
(Ignacio and Marty), and two systems that crossed the
mouth of the Gulf of California in October (Nora and

Olaf). For the season, seven tropical cyclones crossed
into northern and western Mexico from July through
early October, and rainfall from these systems helped
reverse the drought pattern across northern Mexico
(see section 4b for a summary of the Atlantic and east-
ern North Pacific tropical cyclone seasons). During the
5-month rainy season (June-October), the national
precipitation index for Mexico averaged 112% of nor-
mal, but the majority of this surplus was attributed to
tropical cyclone rainfall rather than the normal, more
widespread monsoon rainfall.

November-December 2003 were characterized by
areturn to drier conditions and below-normal precipi-
tation across most of the country. In addition to the
dry conditions late in the year, a severe cold outbreak
occurred across northwest Mexico at the end of De-
cember. This cold snap began with the arrival of an ex-
tremely cold and dry air mass from the north on the
27 December. By the next morning, temperatures
plunged to -11.7°C in Yecora, Sonora, and -11.4°Cin
Nuevo Casas Grandes, Chihuahua. On 29 December,
Guachochi, Chihuahua, reported alow of -14.7°C, and
Basaseachi, Chihuahua, reported a low of -16.1°C.
These record-low temperatures were accompanied by
dewpoint temperatures of -23°C across the interior
northwest, which illustrates the extremely dry air mass
during the event.

b. Central America—E. K. Grover-

Kopec’

Much of Central America
and the Caribbean continued
to be relatively dry in 2003,
extending the overall dry con-
ditions seen in the region dur-
ing the past few years (Fig.
6.12). The drought, which
settled into the region in 2001
and 2002, was a major con-
tributor to food shortages

and malnutrition, especially in

0
12-month WASP Index

DRY

rural areas. The vast majority
of the region recorded below-
normal annual precipitation

FiG. 6.12. Average of standardized monthly precipitation anomalies for 2003. Data
are from the CAMS-OPI analysis for 2003 (courtesy of NOAA/CPC), with anoma-
lies determined from the 196 1-90 base period. Note that the “weighted anomaly
standardized precipitation” (WASP) index is based soley on monthly precipita-
tion data. The index is computed using monthly precipitation departures from
the long-term average, which is standardized by dividing by the standard devia-
tion of monthly precipitation. The standardized monthly anomalies are then
weighted by multiplying by the fraction of the average annual precipitation for
the given month. These weighted anomalies are then summed over varying time
periods—here, 3, 6, 9 and 12 months. On the above plots, the value of the given
WASP index has itself been standardized.
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totals, with those in El Salva-
dor, southern Honduras, and
northwestern Nicaragua be-
ing the most anomalous rela-
tive to the 1961-90 base pe-
riod (Fig. 6.12). However, the
largest absolute precipitation
deficits were observed in
northeastern Nicaragua and



eastern Honduras, which are typically among the wet-
test regions in Central America. These areas reported
annual precipitation totals that were approximately
1500 mm, or 60% below normal.

Central America generally has a bimodal distribu-
tion of precipitation, with relative maxima in May-
June and September-October. The largest monthly
deficit on the isthmus emerged during this second cli-
matological peak, because the September anomaly ac-
counted for nearly 25% of the annual deficit across the
region. Deficits during the wettest part of the year (i.e.,
June-September) contributed approximately 72% of
the annual departure. Because this region typically re-
ceives such abundant rainfall, heavy rain events often
occur even when monthly and annual precipitation
totals are below normal. In May, over 60,000 people
were affected by heavy rains and flooding in Costa Rica
and Panama as the rainy season first arrived, while
drought conditions continued to grip the remainder
of the region.

Lingering tropical systems brought heavy rainfall
and, consequently, landslides and flooding to El Salva-
dor in October, while heavy rains returned to Costa
Rica and Panama in late November and early Decem-
ber. According to the Costa Rica National Meteoro-
logical Institute, an entire month’s worth of rain
(~200 mm) fell in a single day across the southern prov-
inces of the country. Some areas in Honduras also re-
ceived a break from the dry conditions as heavy rains
fell along the northern coast in December. Precipita-
tion totals for December were nearly twice their cli-
matological average in the Honduran departments of
Atlantida and Yoro.

The Caribbean region also experienced a mixed
rainy season, with heavy precipitation occurring amid
overall dry conditions. Northwest Haiti, which has suf-
fered under recurrent drought in recent years, had
above-normal spring rainfall, and heavy rains brought
flooding to the northeastern part of the country. Heavy
rains and flooding inundated the Dominican Republic
in late November and early December as well. The
floodwaters forced over 47,000 people out of their
homes and swamped 200,000 ha of agricultural land at
a time when planting for the next harvest would have
typically been underway.

Surface temperatures were above average across
Central America and the Caribbean during 2003 (not
shown). Annual average temperatures were 1.0°-1.5°C
above normal in western Honduras, eastern Cuba, and
southern Guatemala. Higher-than-average tempera-
tures, which coincided with rainfall in January, contrib-
uted to a 30% increase in dengue fever cases in Guate-
mala, compared with January 2002 (source: Guatemala
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Ministry of Health; courtesy of the International Soci-
ety of Infectious Diseases).

c¢. South America—E. K. Grover-Kopec’

South America experienced a variety of wet and dry
extremes during 2003. Abnormally dry conditions were
prevalent across the northeastern half of the continent,
with the exception of extreme northeastern Brazil, as
well as in southern Chile and western Argentina. South-
eastern South America—Peru, Ecuador, northern Ar-
gentina and Chile—were among the regions with
above-normal annual precipitation totals in 2003.

The South American continent generally receives
its largest amounts of precipitation across the Ama-
zon River basin with a secondary maximum stretching
to the southeast. The dry conditions of 2003 were most
extreme across an area from southeastern to north-
western Brazil and southeastern Columbia (Fig. 6.13).
Northwest and extreme southern Brazil generally re-
ceive precipitation throughout the year, although most
rainfall typically occurs between March and July. In
2003, the below-normal annual precipitation totals
were due to precipitation deficits that occurred
throughout the year. In contrast, southeastern and
central Brazil have a more confined climatological rainy
season that generally extends from October to April.
The relatively poor start to the 2003-04 rainy season
(i.e., OND 2003) accounted for 59% of the annual defi-
cits of 300-700 mm in this region. The exception to these
dry conditions came in January, when the South At-
lantic convergence zone typically has a strong influence
on southeastern Brazil, and heavy rainfall brought
flooding and landslides to the region. The states of Rio
de Janeiro, Sao Paulo, Espirito Santo, and Minas Gerais,
in particular, were most affected.

The relatively wet conditions in northwestern and
southern Argentina and portions of northwestern
South America, particularly in Peru, are notable in the
annual standardized anomalies (Fig. 6.13). The affected
regions in Peru and southern Ecuador generally receive
precipitation throughout the year, with the maximum
occurring between January and March. This is in con-
trast to the coastal regions of Ecuador and extreme
northern Peru, which typically receives less rainfall than
the interior areas during a 5- or 6-month-long rainy
season, and during 2003 the coastal regions recorded
near-normal amounts of precipitation. Above-aver-
age precipitation anomalies were observed in Peru and
southern Ecuador during most of the year. Although
monthly averages during January and February were
slightly below normal in some areas, heavy rains were
blamed for outbreaks of dengue fever and leptospiro-
sis in Ecuador during that period. In fact, more cases
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of dengue fever were reported during the first 2
months of 2003 in Ecuador than during all of 2002
(source: International Society for Infectious Diseases).

Precipitation surpluses were observed throughout
the year in the typically arid Patagonia region in south-
ern Argentina. A significant portion of the annual
anomaly in this region came during October-Decem-
ber, which are normally the driest months of the year.
Southern Patagonia received 42% more than its clima-
tological annual average of 375 mm, with 39% of that
anomaly occurring during the last 3 months of the year.

Northeastern Argentina received very heavy rain-
fall during April, normally the region’s wettest part of
the year. Most of the region’s April precipitation totals
exceeded the 90th percentile of the climatological dis-
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FiG. 6.13. Average of standardized monthly precipitation
anomalies for 2003. Data are from the CAMS-OPI analy-
sis for 2003 (courtesy of NOAA/CPC), with anomalies
determined from the 196 1-90 base period (see Fig. 6.12
for a definition of the WASP index).
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tribution, and some areas received twice their normal
amount of precipitation. The rain sparked severe
flooding that forced the evacuation of tens of thousands
of people, damaged infrastructure, caused localized
outbreaks of hepatitis and gastrointestinal diseases,
and killed as many as 25 people. Agriculture in the prov-
ince of Sante Fe was among the worst affected sectors,
because one-sixth of its agricultural land was sub-
merged and 200,000 ha of crops were destroyed.

Average temperatures for 2003 across the continent
were above normal (not shown). The largest depar-
tures were observed in Venezuela, northwestern Ar-
gentina, and across northern and eastern Brazil. Tem-
peratures in these areas averaged approximately 2°C
above normal for the year. Regions with near- to
slightly below normal temperatures included south-
western Peru, northern Bolivia, and southwestern
Argentina. In contrast, the Peruvian highlands experi-
enced a cold snap in July as temperatures fell to —20°C
during the austral winter. Over 200 fatalities, largely
from pneumonia, were reported, as well as livestock
and crop losses due to the extreme cold across south-
ern areas of Peru.

d. Europe—L. V. Alexander' and D. E. Parker'

) OVERVIEW

Annual temperatures in 2003 were well above av-
erage across Europe, especially in western regions.
Although cooler than 2002, annual temperature
anomalies averaged over land surfaces within the area
between 45°-65°N and 25°W-60°E were 0.66°C above
the 1961-90 mean. However, there were significant re-
gional and seasonal variations (Fig. 6.14). Temperatures
across the Mediterranean, southern Adriatic, and much
of the northwestern part of the European continent
were above the 98th percentile of the 1961-90 distri-
bution, when averaged over the entire year. In gen-
eral, it was also a dry year (Fig. 6.15), especially in Feb-
ruary-March and for most of the summer, although
there were some regional flooding events. Several sun-
shine records were broken in 2003: De Bilt in the Neth-
erlands recorded the sunniest February in its 103-yr
record, and the United Kingdom experienced its sun-
niest year since readily available records began in 1961.

Anomalous warmth was widespread in all four sea-
sons, particularly in the summer (see section 6di on
the summer European heat wave), with only the three
Baltic States and an area around the northwest shore
of the Black Sea colder than the 10th percentile in win-
ter and spring (see Figs. 6.14a,b). Western Europe and
parts of Eastern Europe were exceptionally warm dur-
ing summer (Fig. 6.14c) and it was likely the warmest
summer since 1540 in parts of Central Europe (Beniston
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FiG. 6.14. European surface temperature in 2003 expressed as percentiles of 196 1-90, using a modified two-param-
eter gamma distribution for (a) Dec 2002-Feb 2003 (b) Mar-May, (c) Jun—Aug, and (d) Sep—Nov 2003 (sources:
Jones et al. 2001; Horton et al. 2001; and Jones and Moberg 2003).

2004). In June, several stations in Switzerland recorded  months. Glaciers in the European Alps lost an average
temperatures more than 7°C above the 1961-90 aver-  thickness of ice equivalent to ~3 m of water, which was
age, making this an unprecedented event in the his-  nearly twice as much as during the previous record year
torical record (Fig. 6.16). Although some station 0f1998 (1.6 m). The Mediterranean and Near East re-
records may have been affected by urban warming, ho-  gion (30°-40°N, 20°W-60°E) had their warmest land
mogenized records from other parts of Europe were and SST anomaly on record for both June and July. In
consistently 5°C warmer than average for several contrast to the record heat, regions further east had
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FiG. 6.16. Jun temperature anomalies (°C) for Geneva,
Switzerland. (Source: Monthly Climatic Data for the
World)

FiG. 6.15. Precipitation anomalies for the European re-
gion for the period Dec 2002-Nov 2003, expressed as a
percentage with respect to 1961-90 (source: GPCC
1998; Rudolf et al. 1994).
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FiG. 6.18. Mean daily maximum surface temperature (con-
tours, interval is 2°C) and anomalies for 1-15 Aug 2003.
Anomalies are departures from the 1971-2000 base

FiG. 6.17. Anomalous number of days with maximum sur-
face temperatures reaching 34°C for JJA 2003. Anoma-
lies are departures from the 1971-2000 base period daily
means.

much cooler temperatures. Moscow, Russia, experi-
enced one of its coldest Junes on record, with its first
snowfall in June since 1963 (see section 6fur). When av-
eraged across 45°-65°N, 25°W-60°E as a whole, June
temperatures over land areas were close to normal.
However, July and August, with land temperature
anomalies of 1.42° and 1.95°C, respectively, were much
warmer than average. The high temperatures and dry
conditions exacerbated forest fires that burned across
southern France and Portugal in July. In contrast to the
devastating flooding across central Europe in summer
2002, July saw the Danube and Elbe Rivers at their low-
est levels for several decades, while Hungary had its
worst drought since 1950. The record heat wave spread
across most of Western Europe in August. At Paris
(Orly), France, temperatures
reached or exceeded 35°C on

period daily means.

gional flooding in southeast France forced 15,000
people from their homes.

) SUMMER HEAT WAVE—G. Beil,® avo T. Eiciie®

Most of Europe was affected by an extreme heat
wave during JJA 2003. In France, 11,000 heat-related
deaths were reported between late July and mid-Au-
gust (source: World Health Organization; Reuters/As-
sociated Press). These deaths resulted not only from
the extreme daily heat, but also from the frequency of
extremely hot and dry days in areas not accustomed
to such conditions. These conditions were part of a
prolonged warm and dry spell that began in April in
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10 consecutive days, and the
United Kingdom recorded its
highest-ever daily maximum
temperature of 38.5°C.

The warmth persisted into
autumn (Fig. 6.14d), with av-
erage fall temperatures across
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greater than 2°C above the
long-term average, but also
during the month severe re-
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FiG. 6.19. Mean 500-hPa heights (contours, 60 m interval) overlaid with (a) sur-
face temperatures anomalies (°C) and (b) precipitation anomalies (mm) for Apr-
Aug 2003. Anomalies are departures from the 1971-2000 base period monthly
means.



response to a persistent up-
per-level ridge of high pres-
sure centered over the conti-
nent. The extreme persistence
of this ridge was partly related
to a prolonged positive phase
of the eastern Atlantic (EA)
teleconnection pattern.

Most of Europe, from
southern Spain to central
France, experienced daily
maximum temperatures ex-
ceeding 34°C on 30-50 days
during JJA, which was 20 days
more than average (Fig. 6.17).
In central and northern France there were 10-30 days
with maximum temperatures above 34°C, which was
well above the mean of 5 days or less. Two distinct pe-
riods of exceptional heat occurred during the season—
the first in June and the second during the first half of
August. The August heat wave was the more serious
of the two, because it coincided with the normal peak
in summer temperatures and was accompanied by an
almost complete absence of rainfall. Daily maximum
temperatures during this period averaged more than
40°C across most of interior Spain, 36°-38°C across
southern and central France, and 32°-36°C across
northern France (Fig. 6.18, contours). In general, these
temperatures were 7.5°-12.5°C above average (Fig.
6.18, shading). For the areal average of Germany, both
June and August were the warmest months since the
beginning of the twentieth century. Thus, the summer
(JJA) became the hottest in Germany since 1901 (aver-
age temperature of 19.6°C, which was 3.4°C above the
1961-90 base period), and, with the exception of some
stations in northern and northwestern Germany, it was
the hottest summer since the beginning of recorded
measurements.

60W

Surface temperatures were well above average
across Europe throughout April-August, with the larg-
est mean departures exceeding +2.5°C across central
Europe and +1.5°C across northern Europe (Fig. 6.19a,
shading). Precipitation totals were also well below av-
erage during this period, with deficits of 75-100 mm
observed throughout central Europe (Fig. 6.19b, shad-
ing). The largest temperature and precipitation anoma-
lies coincided with the mean position of a very persis-
tent upper-level ridge (Fig. 6.20a). These regions were
also situated south of the axis of an enhanced North
Atlantic jet stream (Fig. 6.20b), resulting in a large-scale
sinking motion and a reduction in the number and in-
tensity of convective storms, precipitation events, and
cold frontal passages.
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Fic. 6.20. Mean 200-hPa (a) heights and anomalies (m), and (b) wind speeds and
anomalies (m s™') for Apr-Aug 2003. Anomalies (shading) are departures from
the 1971-2000 base period monthly means.

These conditions were associated with a larger-scale
anomalous circulation characterized by below-average
heights at high latitudes from Canada to Great Britain,
and above-average heights in the middle latitudes from
the northeastern United States to Eastern Europe, as
well as in the subtropics (Fig. 6.20). This anomaly pat-
tern (Fig. 6.21) reflected a strong positive phase of the
EA teleconnection pattern (Barnston and Livezey 1987).
The standardized EA index values for June-August
were 2.1, 0.9, and 1.3, respectively. In general, the EA
pattern is qualitatively similar to the positive phase of
the NAO, but with its anomaly centers shifted south
of those associated with the NAO.

8

Fic. 6.21. The positive phase of the eastern Atlantic tele-
connection pattern, as indicated by 500-hPa height
anomalies (positive height anomalies are shaded orange,

negative height anomalies are shaded blue).
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The southern center of anomalies associated with
the NAO also tends to be confined to the anticyclonic
flank of the North Atlantic jet stream, whereas the EA
pattern exhibits a strong link to the subtropical North
Atlantic. During April-August, the positive height
anomalies in this region were associated with an am-
plified subtropical ridge from the eastern United States
tonorthern Africa. This enhanced subtropical ridge was
a contributing factor to the above-normal 2003 Atlan-
tic hurricane season (see section 4br).

e. Africa

) NorTH ArricA—M. A. Beut® avo 0. Baobour®

The Mediterranean coast of North Africa receives
most of its annual rainfall during October—April, largely
from midlatitude cyclones and their associated cold
frontal incursions into subtropical regions. During
most of 1980s and 1990s there were severe drought epi-
sodes across northern Africa. During the last 3-yr a suc-
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Fic. 6.22. Oct 2002-Apr 2003: (top) total precipitation
(mm) and (bottom) anomalies for the northern Africa.
Anomalies are departures from the 1979-95 base period
monthly means (CAMS-OPI data courtesy of NOAA/
CPC).
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cession of wet autumns has brought more rainfall to
the northern part of the region. These above-average
rains continued during October 2002-April 2003, with
totals exceeding 300 mm across the northern half of
Morocco and Tunisia, and northeast Algeria (Fig. 6.22a).
These amounts were generally 125 mm or more above
the long-term average (Fig. 6.22b).

Especially heavy precipitation occurred during Janu-
ary across northern Algeria and Tunisia. Precipitation
totals of 25-100 mm during 22-28 January generated
some of the worst flooding in 10-yr in northern and
central Tunisia. In Morocco, anomalously wet condi-
tions prevailed during January-May.

With the exception of the high elevations of the Atlas
Mountains, summers are generally dry and hot. Dur-
ing July—August 2003, a period that coincided with the
record heat wave in Europe (see section 6dir), monthly
temperatures in some locations in North Africa aver-
aged 3°-4°C above normal. In Morocco, new monthly
temperature records were set in several areas during
the period. The heat was most extreme during August
when several northern Moroccan cities experienced
new all-time maximum temperature records, includ-
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Fic. 6.23. Jun-Sep 2003: (top) total precipitation (mm)
and (bottom) anomalies for the African Sahel and Gulf
of Guinea regions. The boxed area denotes the approxi-
mate boundaries of the Sahel region. Anomalies are de-
partures from the 1979-95 base period monthly means
(CAMS-OPI data courtesy of NOAA/CPC).



ing Rabat (44.6°C), Kenitra (47.7°C), and Tangier
(43.5°C).

Several locations in North Africa were affected by
severe storms and heavy precipitation during the lat-
ter part of the year. Much of Morocco and northern
Algeria received above-normal rainfall during Octo-
ber. For example, 85 mm of rain fell in less than 24 h
during 21-22 October in central Morocco, which was
nearly 85% of the annual total of 102 mm. During 17-
18 December a second extreme event in northern
Morocco produced 127 mm of rain in 24 h. This total
was 44% of the average annual rainfall, and 400% of
the December monthly average.

i) WWesT AFRICA—W. M. Thiaw,* G. D. Bewt,® avp M. A. Beuté

(i) Rainfall

West African rainfall can be divided into two quasi-
homogeneous regions: the African Sahel and the Gulf
of Guinea. The African Sahel, defined here as the re-
gion between 10°-20°N, 18°W-20°E (Fig. 6.23, boxed
region), receives approximately 90% of its mean an-
nual rainfall during June-September. The rainy sea-
son is monsoonal in character, and is closely related to
the north-south movement of the intertropical con-
vergence zone (ITCZ), which starts its northward pro-
gression in March and reaches its northernmost posi-
tion in August. Seasonal precipitation exhibits a strong
meridional gradient, with average totals exceeding
600 mm in the south, and reaching 100-300 mm in the
north.

Precipitation totals exceeded 100 mm above aver-
age across much of the central Sahel (Fig. 6.23b), which
made the 2003 rainy season the second wettest since
1990 (Fig. 6.24). In contrast, rainfall along the Guinea
coast was below average during the period, with ex-
ceptionally dry conditions observed in July and August.
This rainfall pattern reflected an amplified monsoon
circulation, with the ITCZ remaining consistently north
of its climatological position from May until October
[see section 6en(ii)].

During July-September 2003, when the Sahel was
anomalously wet and the Guinea coast anomalously
dry, positive SST anomalies in the Atlantic persisted
along the equator and southward along the west coast
of southern Africa, a configuration more consistent
with the opposite pattern (anomalously dry Sahel/wet
Guinea coast). However, other conditions, such as
slightly above-normal sea level pressures in the equa-
torial and southern tropical Atlantic and anomalously
strong westerly flow at 850 hPa over the Atlantic be-
tween 5° and 12°N (Fig. 6.26) were more typical of the
wet Sahel/dry Guinea coast rainfall pattern observed
during 2003.
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Fic. 6.24. Precipitation index time series for the period
1951-2003 expressed in terms of percentiles. The index
was calculated from the 1971-2000 base period seasonal
means for the African Sahel during Jun-Sep using a
gamma distribution.

The inverse relationship between rainfall anoma-
lies in the Sahel and Guinea coast regions has been a
recurring pattern of West African climate variability
(Janicot 1992; Ward 1998). During the 1970s-mid-1990s
the prevailing pattern was a dry Sahel and a wet Guinea
coast. Since 1995, rainfall has returned to near-normal
levels across the African Sahel, in association with an
overall strengthening of the West African monsoon
circulation. Another notable aspect of these stronger
monsoon circulations has been a significant increase
in Atlantic hurricane activity since 1995 (see section 4br).

(i)) Atmospheric circulation

Precipitation across the African Sahel is controlled
by the depth and northward penetration of the West
African monsoon and the associated ITCZ, which in
turn is related to the position of the mid- and upper-
level jets. These larger-scale circulation features are
relatively sensitive to changes in the global monsoon
circulation on both interannual and interdecadal time
scales (Chelliah and Bell 2004).

The above-average 2003 rainy season resulted from
an enhanced West African monsoon circulation and
an associated northward shift of the mean ITCZ. At
925 hPa, strong southwesterly winds averaging 6-
9 m s~ extended well northward into the Sahel region
(Fig. 6.25). This enhanced monsoonal inflow was also
evident at 850 hPa (Fig. 6.26), and contributed to a deep
penetration of moist, unstable air well into the Sahel
region (see Fig. 4.13). The enhanced monsoon was also
associated with an anomalous low-level cyclonic circu-
lation across the northern and central Sahel, which con-
tributed to an above-average strength of many Afri-
can easterly waves and resulted in larger convective
rainfall totals throughout the region. This anomalous
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cyclonic circulation reflected enhanced cyclonic shear
along the equatorward flank of the AEJ, and a north-
ward shift of the mean position of the AE] to 17.5°N
across the western Sahel (Fig. 6.27).

At upper levels, the enhanced monsoon circulation
was associated with a strengthening of the subtropical
ridges across both hemispheres (see Fig. 4.7), and with
a corresponding amplification of the tropical easterly jet.
These same conditions contributed to the above-nor-
mal 2003 Atlantic hurricane season (see section 4br).

) EasT AFRICA AND THE GREATER HORN—P. Amgenje? nd
M. Beuf

The 10 Greater Horn of Africa (GHA) countries
include Burundi, Djibouti, Eritrea, Ethiopia, Kenya,
Rwanda, Somalia, Sudan, Tanzania, and Uganda. Of
all of the climate elements, rainfall is the most critical
due to the heavy dependence on agricultural activities.
However, rainfall varies both temporally and spatially,
and extreme rainfall conditions, such as floods and
droughts, impact negatively on subsistence activities in
the GHA region.

Rainfall in the GHA was examined for each of its
three distinct climate regimes. The southern sector (cen-
tral and southern Tanzania) experiences a climatological
rainfall maximum during December-March. The
equatorial sector (Uganda, Rwanda, Burundi, Kenya,
southern Somalia, northern Tanzania, southern Sudan,
and southern Ethiopia) experiences its first rainy sea-
son (termed “long rains”) during March-May as the
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FiG. 6.26. Jul-Sep 2003 anomalous 850-hPa wind speed
(shading; m s™') and wind vectors winds over tropical and
subtropical Africa. Anomalies are departures from the
1971-2000 base period monthly means.

rainbelt shifts northward from the Southern Hemi-
sphere. It then experiences its second rainy season
(termed “short rains”) during October-December as
the rainbelt shifts southward from the African Sahel
and Sudan regions. In the northern sector (comprising
the rest of Sudan and Ethiopia, northern Somalia,
Djibouti, and Eritrea), rainfall normally occurs from
May-June to September-October. However, areas
close to large water bodies, such as Lake Victoria and
parts of the coastal strip, receive substantial rainfall
throughout the year.

(i) Southern sector

Widespread dry conditions during January-March
2003 (Fig. 6.28) exacerbated the rainfall deficits that had
accumulated during the previous April-September
period. Generally dry conditions also characterized the

FiG. 6.27. Aug-Sep 2003 mean 600-hPa zonal wind (con-
tours, m s™') and relative vorticity (shaded, 2 x 10-¢s™')
over West Africa.
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southern sector during the months of April-Septem-
ber 2003. In Tanzania, the annual total rainfall aver-
aged 300-500 mm below average (Fig. 6.29), which led
to drought conditions and food shortages for close to
2 million people. Some drought relief occurred during
October-November, because above-average rains fell
over large portions of the Southern sector.

(ii) Equatorial sector

The equatorial sector experienced generally dry
conditions in January and February, with significant
rainfall observed across the sector in late April. How-
ever, some locations in the marginal areas were char-
acterized by short-lived, intense precipitation events
(Fig. 6.29). The wet anomalies over southern Ethiopia,
central Tanzania, and parts of western and central
Kenya resulted in some locations
experiencing their wettest condi-
tions on record (since 1961). £ 600

NOAA/CPC).

August. During October-December below-normal
rains were observed in southern Ethiopia, Kenya, and
southern Somalia.

(iii) Northern sector

Much of the GHA has suffered from persistent
drought conditions for several consecutive years. This
has been particularly true in the northern sector, where
rainfall deficits during 2002 created food shortages for
nearly 14 million people in Ethiopia and Eritrea by early
2003.

The onset of the rainfall season in 2003 occurred
during the month of June, which was somewhat later

The equatorial sector experi- 5 s00
enced significant rainfall from g ,, 2003 /-/_
.1 - . =z
late April into May 2003, which £ i
produced near-record rainsand &, MEAN /
flooding in northern Kenya, 3
. . 2 1“0
southern Ethiopia, and southern 5 |
@ MAR APR MAY JUN JUL AUG SEP OCT NOV DEC

Somalia (Fig. 6.30). Enhanced AN, FES
precipitation was observed over
most locations of the western

MONTHS

highlands of Kenya from June-
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Fic. 6.30. Cumulative rainfall at Wajir, Kenya (located in northeastern Kenya),
during 2003 (red), compared with the long-term annual mean (blue).
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than normal for the sector. Rainfall totals were near

ceptions to this unimodal
rainfall distribution are found
1) in northern areas where
rainfall occurs during Octo-
ber-December and March-
May in response to the
north-south movement of
the ITCZ, 2) in the south-
western Cape region of South
Africa where rainfall occurs
during both October-April
and June-August, and 3)
along the southern coast of
South Africa and extreme
northern Tanzania bordering
Lake Victoria, where rainfall
is typically observed through-
out the year.

October-April rainfall in
southern Africa has been gen-
erally below average during
El Nifo years and above av-
erage during La Nina years
(Ropelewski and Halpert
1987, 1989, and 1996;
Hastenrath et al. 1995; Dai
et al. 1997; and Thiaw et al.
1999). The October-April
2002-03 rainy season was be-
low average, with rainfall defi-
cits observed throughout the
region (Fig. 6.31b). Precipita-
tion was consistently below

normal in June, but declined in July and August over
the southern parts of the sector, while the central and
western parts of the sector received near-normal rain-
fall during this period. Rainfall in excess of 200 mm over
three consecutive months (June-August) resulted in
normal to above-normal conditions. Parts of central
Ethiopia, as well as eastern and southern Sudan, con-
tinued to receive above-average rainfall in September,
which led to some of their largest harvests in 5 yr.
However, severe drought conditions continued in
northern Somalia and areas of southern and eastern
Ethiopia (Fig. 6.31).

iv) SOUTHERN AFRICA—W. M. Thiaw,’ B. GaRANGANGA," AND
C. McBrioe"?
(i) Rainfall
The rainy season over much of southern Africa ex-
tends from October to April, with the largest amounts
typically observed between December and March. Ex-
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average from October 2002 to February 2003, and again
in April, with March being the only month with above-
average totals for the region as a whole (Fig. 6.31d).
This indicated a significant delay in the onset of the Oc-
tober rains and an early withdrawal in April. These be-
low-average rainfall anomalies were consistent with
moderate El Nifio conditions during the period.

The most significant rainfall deficits were found in
the East across the normally heavy precipitation areas
of eastern South Africa, Botswana, Zimbabwe, and the
southern half of Mozambique. Precipitation totals in
these areas (Fig. 6.31a) averaged only in the 5th to 20th
percentile of occurrences (Fig. 6.31c), which led to a con-
tinuation of drought conditions from eastern and
northern Botswana into western Zimbabwe, northern
South Africa, southern Mozambique, and Swaziland.

The southwestern Cape region of South Africa also
recorded below-average rains during October 2002-
April 2003, which followed a drier-than-average win-
ter rainy season during June-August 2003. These con-



tinuing rainfall deficits were devastat-
ing to agricultural activities in this area.

(ii) Atmospheric circulation

The low-level atmospheric circula-
tion during the below-average Octo-
ber-April 2002-2003 southern Africa
rainy season featured easterly winds
along the equatorward flank of the
Mascarene Islands high pressure sys-
tem (located over the southern Indian
Ocean) averaging 4-8 m s™! from the
east central Indian Ocean westward into
Madagascar and portions of interior
southern Africa (Fig. 6.32). The
Mascarene high was notably weaker
than average over Madagascar, which
resulted in a reduction in the amount of
deep tropical moisture penetrating in-
land from the Indian Ocean. In contrast,
the above-average March rains were as-
sociated with a broad low-level anoma-
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Fic. 6.32. Oct 2002-Apr 2003 mean 850-hPa wind speeds (m s') and
vector winds over Africa and the Indian Ocean region.

lous cyclonic circulation over southern Africa (Fig. 6.33), Above-average amounts of precipitation fell in a
which favored the advection of low-level Atlantic mois- ~ band stretching nearly 2000 km from central coastal
ture into the southern regions of the continent. China to the eastern extent of the Tibetan Plateau dur-

f. Asia
) CHiNa—E. K. Grover-Kopec’

ing 2003 (Fig. 6.34). While rainfall throughout the year
contributed to these anomalies, locally heavy rainfall
in the east during the first half of the region’s rainy

Similar to recent years, precipitation extremes were ~ season was the primary contributor. These rains coin-
an important feature of China’s climate during 2003.  cided with weaker-than-average high pressure along

Much of the Yellow River basin expe-
rienced above-normal precipitation
and flooding, while southeastern China
was impacted by precipitation deficits
that persisted most of the year (Fig. 6.34).
This was in stark contrast to the pre-
cipitation patterns of 2002, which brought
a dry spell to the northeast and abun-
dant rainfall and flooding to the south-
east (Waple and Lawrimore 2003).

Climatologically, annual precipita-
tion totals are generally greatest in
southeastern China and decrease to-
ward the northwest. The contribution
of summer precipitation to annual to-
tals is greatest in the north, with the
majority of precipitation occurring
during the spring in portions of the
interior southeast. In addition, south-
eastern China and Taiwan often receive
abundant rainfall from typhoons
and tropical storms between July and
October.
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the coast and, subsequently, a persistent low-level
boundary that was both stronger and farther east than
normal, when compared with climatology. Rainfall in
March and April eased soil moisture deficits in the prov-
inces of Hebei, Shandong, and Henan, where some ar-
eas began the first 2 months of the year with only 20%
of their normal precipitation. The eastern province of
Anbhui received twice its normal amount of precipita-
tion during June, with over 400 mm falling in some lo-
cations. These rains brought severe flooding to the
region, particularly in the Huai River valley. According
to government statistics, this and other flooding dur-
ing the first half of the year affected ~100 million people.

Over 70% of the annual precipitation surpluses in
the region (Fig. 6.34, black box) came during an above-
normal second-half of the rainy season (Fig. 6.35). In
areas across the region, precipitation amounts between
August and November exceeded the 90th percentile
of the climatological distribution. August and Septem-
ber rains caused the worst flooding in 20 yr along the
Wei River, a tributary of the Yellow River. These heavy
rains continued until the end of the rainy season, be-
cause some areas in the Wei River valley received 4
times their climatological precipitation during Septem-
ber, October, and November. Severe rain and flood-
ing across China claimed over 1900 lives during 2003
(source: Chinese Ministry of Civil Affairs).

In contrast to the north, southeastern China and
Taiwan experienced an extended dry spell in 2003. Pre-
cipitation deficits across the southeast were first ob-
served in the extreme south, and these dry anomalies
steadily expanded north and eastward as the year pro-
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Fic. 6.34. (a) Annual precipitation anomalies (mm) for
2003. Data are from the CAMS-OPI analysis for 2003
(courtesy of NOAA/CPC), with anomalies determined
from the 1979-95 base period.
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gressed. Coastal southeastern China and northern
Taiwan received only 65% and 50% of their normal
amount of annual precipitation, respectively. In par-
ticular, Taipei received approximately 1 m less than its
normal 2325 mm of annual precipitation. The dry spell
in southeastern China also coincided with a July heat
wave that affected the provinces of Zhejiang, Jiangxi,
and Hunan. The heat, drought, and resulting fires in
these three provinces reportedly killed 30 people and
destroyed 1 million ha of arable land, mostly in Hunan,
where 2000 streams and rivers dried up during 2003.

) SouTHwesT Asia—E. K. Grover-Kopect

Portions of southwest Asia, centered on Afghani-
stan, endured a 4-yr drought during the period 1999-
2002 (Waple and Lawrimore 2003). Climatologically,
the drought-affected areas generally receive most of
their precipitation between November and April via
extratropical disturbances traveling eastward from the
Mediterranean Sea. These winter and spring storms
produce snowpack in the mountains, which provides
most of the region’s annual water supply. Some areas
in the arid west receive no precipitation during the
summer months, although the South Asian monsoon
generally brings precipitation to eastern Afghanistan
during the summer.

Precipitation totals continued to be below normal
across most of Afghanistan and Iran during 2003
(Fig. 6.36). Southern Afghanistan and northwestern
Iran received only about 50% of their average annual
precipitation, with deficits exceeding 200 mm in some
areas. However, the drought elsewhere in Afghanistan
dissipated, because annual precipitation was generally
higher than in 2002 (Fig. 6.37). Mountain snow and lo-
cally heavy rainfall in the central, east, and northeast
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Fic. 6.35. Monthly time series of climatological (black)
and observed (blue) precipitation averaged over the re-
gion in China within the black box in Fig. 6.34. Data are
from the CAMS-OPI analysis for 2003 (courtesy of
NOAA/CPC), with anomalies determined from the 1979-
95 base period.



of the country during January and February contrib-
uted to a record wheat harvest in some of these areas.
Although seasonal totals remained below average, parts
of southern Afghanistan received 80% more precipi-
tation during January and February 2003 than during
all of 2002. Spring rains also brought localized flooding
to the northern province of Kunduz, while monsoon
rains during August ruptured dams and killed at least
24 people in the southeast.

In contrast to the relatively dry conditions across
the south, the northern half of southwest Asia received
above-normal amounts of precipitation during 2003
(Fig. 6.36). South-central Kazakhstan received nearly
three times, or over 200 mm more, than its annual av-
erage. This has been typically one of the only areas in
southwest Asia that receives a significant portion of
its annual rainfall during the summer months. Above-
normal precipitation was also observed in eastern
Turkmenistan, eastern and northern Uzbekistan,
northern and central Kyrgyzstan, and northeastern
Tajikistan. Similar to northern Afghanistan, this was
in stark contrast to precipitation totals of 2002. An-
nual precipitation totals were 100-180 mm higher dur-
ing 2003 over large areas across these countries
(Fig. 6.37). Above-normal precipitation during the
spring and early summer, and heavy mountain snows
in November, all contributed to the above-average
annual totals in northern southwest Asia. In fact, the
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November rain and snow accumulations accounted
for approximately 70% of these annual precipitation
surpluses. Heavy rains and snowmelt in April brought
flooding and landslides to areas in Kyrgyzstan and
Tajikistan, which contributed to Kyrgyzstan record-
ing 8 times as many landslides during the entire year
asin 2002.

m) Russia—0. N. Buteina®

The climate and weather conditions during 2003
were analyzed for both the entire territory and seven
quasi-homogeneous climatic regions within Russia
(Fig. 6.38). Anomalously warm temperatures were ob-
served across the country as a whole in 2003, with an
annual average surface temperature of 1.2°C above the
long-term mean, which continued a trend of above-
average annual temperature. Russian temperatures
have increased at a rate approaching 0.3°C decade™
since 1950. The following is a seasonal breakdown of
regional temperature and precipitation anomalies ob-
served during 2003.

(i) Winter

During January 2003, positive air temperature
anomalies prevailed over the entire country, with the
exception of the northern and northwestern parts of
European Russia. February was anomalously warm
as well, with above-average temperatures in Siberia
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CAMS-OPI (courtesy of NOAA/CPC), with anomalies
determined from the 1979-95 base period.
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and in the northwestern part of European Russia. In
the Cola Peninsula, the monthly averaged air tempera-
ture anomaly exceeded the long-term mean by 6°-7°C.

(ii) Spring

In March, the synoptic weather pattern was domi-
nated by extratropical cyclones in the northern areas
of European Russia. These storms generated abundant
precipitation, as well as gale-force winds. The coast of
Murmansk experienced sustained wind speeds of 26—
34 m s™! during the last the third of the month. In the
central and southern parts of European Russia, anoma-
lously cold weather affected the region, with tempera-
ture anomalies 1°-2°C below average for the month.
In April, cooler-than-normal weather persisted across
European Russia, with mean monthly temperatures in
the North Caucasus and the lower Volga River regions
2°-3°C below normal. Despite precipitation deficits
(12%-28% of the monthly mean), ice jams formed on
rivers in the Volgograd region due to a sharp tempera-
ture rise that occurred during the middle of the month.

Vigorous spring flooding swelled small rivers and tribu-
taries in the Rostov region as well.

In late spring, the majority of Russia was warmer
than average. Above-normal air temperatures, in con-
junction with below-normal rainfall, produced an in-
creased threat of wildfires in the Irkutsk region and
Transbaikalia. Smoke from wildfires reduced visibility
in Chita to 300 m in mid-May. Precipitation deficits in-
creased the risk of wildfires in the Maritime Territory
and the south of Sakhalin Island also. Extremely dry
conditions were found on the upper and middle Amur
River, with the lowest water levels in these basins in
the 100-yr instrumental record.

(iii) Summer

Summer was exceptionally cold in European Rus-
sia, and included one of the coldest months of June ex-
perienced in the last 100 yr. Monthly mean tempera-
tures in June were 3°-4°C below normal across the
region (Fig. 6.38). Several stations (i.e., Arkhangelsk and
Volgograd) recorded their all-time lowest temperature
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FiG. 6.38. Map of seven quasi-homogeneous climatic regions within Russia (I—the northern part of European Russia
and western Siberia, ll—the northern part of eastern Siberia and Yakutia, Ill—Chukotka and Kamchatka, IV—the
central and southern parts of European Russia, V—the central and southern parts of western Siberia, Vl—the cen-
tral and southern parts of eastern Siberia, and Vll—the Far East). Also shown are time series of the monthly mean
temperature averaged over each territory. For each region, an example month in 2003 illustrates the above-aver-
age monthly temperature anomalies (except for the time series for June, which was a record cold month across
European Russia).
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for June. In addition, the cold weather
was accompanied by above-normal
precipitation. The Ural, Volga-
Vyatka, and Volga regions, as well as
the northern part of the central region,
accumulated over 200% of their mean
monthly precipitation. In contrast,
western Siberia was anomalously
warm in June, with average monthly
temperature anomalies exceeding
5°C. During July, above-normal
monthly temperatures were recorded
across most of Russia. The anoma-
lously warm and dry conditionsledto |
extreme fire danger in the continen-
tal areas of the Magadan region, pri-
marily in the republics of Tuva and
Kamchatka.

August 2003 was one of the warm-
est over Russia in the last 100 yr. In the
European region, the above-normal
temperatures were centered in the
northwest. The republic of Komi and
the Nenets Autonomous Okrug area
reported mean monthly temperature
anomalies of 4°-5°C above normal
(Fig. 6.39). August 2003 was also one
of the wettest months on record in
European Russia. At many stations,
not only monthly, but also daily pre-
cipitation records were broken. For
example, on 13 August Moscow had
a record-breaking daily amount of
precipitation of 59 mm, compared to
the August average of 77 mm.

(iv)Autumn

In September, temperature anomalies across most
of Russia were near normal, and only in the northern
areas of the Far East were monthly mean temperatures
above normal (Fig. 6.38). In October, average monthly
temperatures across Russia were once again above the
long-term mean. Record monthly temperature
anomalies were observed in the north of the Magadan
region (greater than 8°C) and in the middle Ural (3°-
4.5°C). In addition, October was anomalously wet in
the southern part of European Russia. Areas of the
Volgograd region, the Astrakhan region, and the
Stavropol Territory received over 300% of their mean
monthly precipitation. In November, cold anomalies
were recorded in Siberia (temperature anomalies were
—6°C in the Krasnoyarsk Territory). However, in the
European and eastern parts of the country (Yakutia,
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Chukotka, Kamchatka), mean monthly temperatures
were above the long-term average. In December,
record warmth was again recorded throughout Russia
(Fig. 6.40), with several stations measuring their high-
est monthly averaged surface temperatures since in-
strumental records began.

V) SouTH AsiAN MONSOON—R. K. Kouu'®

While the past 150 yr of instrumental records show
no long-term trend in the summer (i.e., southwest)
monsoon, interannual fluctuations, such as those as-
sociated with ENSO, dominate its observed variability
(Fig. 6.41). Having experienced one of the most severe
drought years during 2002, brought about by a record
low rainfall in July 2002, the countries of South Asia were
in need of abundant rainfall during the summer mon-
soon of 2003. A below-normal seasonal forecast and a
delayed onset of the monsoon escalated concerns of
continued drought conditions. However, as the season
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Fic. 6.39. Map: surface temperature anomalies (°C) during Aug 2003
across Russia. Inset: precipitation anomalies over European Russia, with
two example graphs illustrating the record wet conditions at two sites
(Petrozavodsk and Pskov).
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the normal date (Fig. 6.42). A
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FiG. 6.40. Map of monthly average temperature anomalies (°C) during Dec 2003.
The graphs shown illustrate the mean monthly temperature time series in Dec

at Tura, lvdel, and Suntar.

Fic. 6.41. The 1871-2003 summer monsoon seasonal rainfall anomalies (% of
long-term mean) over the Indian subcontinent. Bar colors denote years with
normal precipitation (green), floods (blue), and droughts (red), while the circles
denote years with El Niiio (yellow) or La Nifia (blue) events in the equatorial

Rainfall Anomaly (% of Mean)

)
=]

progressed the monsoon brought relief, with rainfall well
distributed over time on a subcontinental scale. There
were, however, some localized precipitation deficits.
The summer monsoon arrived over Kerala on 8
June, 7 days after the normal date. However, the mon-
soon quickly made up for the delay in its onset, and
covered all of South Asia by 5 July, ~10 days ahead of
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peculiar aspect of the onset
phase during 2003 was that it
occurred in northeast India (5
June) prior to Kerala. While
this was an atypical feature of
the year’s monsoon onset,
there had been similar in-
stances in the recent past (e.g.,
1972, 1995, 1996, 1998, and
2000). Comparing the onset
phase in 2003 with the previ-
ous year, when the monsoon
progressed slowly, a differ-
ence of about 40 days was ob-
served in the time taken by the
monsoon advance to cover
the entire Indian subcontinent.

The leading edge of the
southwest monsoon current
reached the South Andaman
Sea by 16 May, prior to the
normal onset date, in associa-
tion with the formation of a
tropical storm over the Bay of Bengal. The unusual
and prolonged trajectory of the system likely caused
the observed delay in the further progress of the cur-
rent over the Bay of Bengal. In addition, the modified
flow pattern due to the tropical storm caused pro-
longed heat wave conditions, which extended more
than 20 days over many parts of the country (e.g.,
coastal Andhra Pradesh,
Orissa, northern parts of
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1 Drought Tamil Nadu, etc.) during late
Flood .
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eral locations soared to above
50°C, and more than 1500
people were reported to have
died due to heat stress. In Pa-
kistan, the city of Jacobabad
recorded a maximum tem-
perature of 52°C. The ex-
tremely hot conditions,
coupled with late onset over
peninsular India, exacerbated
the drought conditions in this
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Pacific Ocean.

§58

| BANS JUNE 2004

2.010.0 area.

Breaking the recent spell in
the declining number of
monsoon depressions (the
number of depressions was 3,

4,2,1,and 0 in the years 1998,
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insular India was quite sub-

Advance of Southwest dued, primarily due to the late

Monsoon - 2003 monsoon onset. However,
ACTUAL

FEm e HOENAL rainfall activity increased dur-

ing the latter half of the
month, and was normal or
above normal until the third
week of August, with the ex-
ception of Karnataka and
Kerala. In its final phase, the
monsoon was relatively qui-
escent over the peninsula un-
til the end of the season.
Overall, the first half of the
MONsoonN season was associ-
ated with slightly above-aver-
age rainfall (109% in June, and
107% in July), while the second
half was associated with
slightly below-average rain-
fall (95% in August and 96%
in September). Rainfall dur-

FiG. 6.42. Isochrones of the onset and advance of the summer monsoon in 2003
(solid), compared with the long-term mean dates of advance (dashed).

1999, 2000, 2001, and 2002, respectively), two depres-
sions formed during the monsoon season of 2003 (25-
28 July and 27-28 August), both in the Bay of Bengal.
The July depression followed a westerly track and was
active for about 1 week after crossing the West Bengal
coast, and was associated with widespread and heavy
rainfall over the central parts of the country. Con-
versely, the August depression over the northwest Bay
of Bengal rapidly weakened into a broad low pressure
area after crossing the coast. In addition to these two
depressions, 12 low-pressure areas (one in June, four
in July, three in August, and four in September) formed
during the season, most of which originated as upper-
tropospheric cyclonic disturbances, and these upper-
level systems contributed to active monsoon conditions
over the country. No tropical cyclones (category 1 or
higher on the Saffir-Simpson scale) formed during the
season; indeed, this added to the declining trend ob-
served in the number of tropical cyclones in the north
Indian Ocean during the monsoon season over the past
two decades.

A notable feature of the summer monsoon rainfall
in 2003 was its equitable distribution in space and time;
devoid of any prolonged dry spell (see Fig. 6.43).
Monthly as well as seasonal rainfall was within one stan-
dard deviation of the respective long-term average.
During the first half of June, rainfall activity over pen-
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ing the 2003 summer mon-
soon season was in excess
(>20% of normal) in 8 meteo-
rological subdivisions, nor-
mal (—20% to +20%) in 23, and deficient (< 20%) in 5
subdivisions. The seasonal rainfall over the country as
a whole was about 105% of its long-term mean. As
mentioned above, the states of Karnataka and Kerala
bore the brunt of maximum rainfall deficiency (see
Fig. 6.44). The seasonal rainfall anomalies were —34%
and —32% over the meteorological subdivisions of
north interior Karnataka and Kerala, respectively. In
fact, Kerala remained under rainfall deficits through-

I Actual
=== Normal

Rainfall (mm/day)

29 Sep8 18

May 11 21 31 Juni10 20 30 Jui10 20 30 Aug?® 19

Fic. 6.43. The observed daily rainfall (mm day™') during
the 2003 monsoon season, and the long-term daily mean
precipitation (red line) over India.
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Fic. 6.44. Spatial patterns of the seasonal mean rainfall
anomalies (% of long-term mean) over India during the
monsoon season of 2003.

out the monsoon season. Coupled with the fact that
these regions have received deficient rainfall over the
past 3—4 yr, severe water shortages were reported not
only in the respective areas, but also in the downstream
regions due to reduced river levels.

The summer monsoon began its withdrawal over
Pakistan and western Rajasthan around 17 September,
with a delay of ~2 weeks from the normal date. How-
ever, the withdrawal progressed briskly and coincided
with the normal dates in most other parts of the coun-
try. It withdrew from the entire country by 15 Octo-
ber, which coincided with the normal date of withdrawal
of the summer monsoon.

g. Australasia and the Southwest Pacific—A. Watkins* and

J. Salinger®

) AUSTRALIA

The Australian climate of 2003 was largely influ-
enced by the cessation of the El Nifio warm event in
the equatorial Pacific Ocean during the first half of the
year, and a subsequent return to near-neutral ENSO
conditions. A La Nifia cold event failed to materialize,
despite signs of its development during late May and
early June, and the recovery from severe rainfall defi-
ciencies that had accumulated during the 2002-03 Aus-
tralian drought was slow to develop and spatially in-
homogeneous. While a general return to near-normal
rainfall patterns commenced during February, the hy-
drological, agricultural and societal impacts of one of
Australia’s worst droughts in its recorded meteorologi-
cal history remained for much, if not all, of 2003.

(i) Rainfall
The Australian El Nifio-related dry event lasted
from March 2002 through January 2003. Analysis of
rainfall records collected by the Australian Bureau of
Meteorology for this 11-month period showed that 90%
of the country received rainfall
below that of the long-term me-
dian, with 56% of the country re-
ceiving rainfall in the lowest 10%

Raintall Decile Ranking (i.e., decile 1) of recorded totals
T (Australia-wide rainfall records
jrooons commenced in 1900). This was

10 Vary Much .
Avoesverage  the sixth greatest extent of
89 | | Aowawage  decile-1 rainfall for any 11-month
47 | | Average period on record. The extent of
»s seowavernge D€ drought, and the rainfall defi-
‘ T cit recovery in 2003, was high-
Belowverage  ]ighted by the difference between
Lowest on
Record the 2003 and 2002 rainfall totals

for the period from February to
December (not shown). Most re-
gions in southern and eastern
Australia received between 100
and 400 mm more rainfall dur-

FiG. 6.45. Rainfall deciles determined for the period | Jan through 31 Dec ing this period in 2003 than dur-

2003.
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ing the same period in 2002.



The general return to
near-normal rainfall condi-
tions for Australia during
2003 (Fig. 6.45) was high-
lighted by the mean Austra-
lia-wide rainfall total
(476 mm) being almost equal
to the 1961-90 normal base
period (472 mm). Compared
to the long-term record (Fig.
6.46), however, 2003 was the
37th wettest year for Austra-
lia out of 104 yr of observa-
tions, some 38 mm above the
long-term median rainfall of
438 mm. Overall, 61% of the
country experienced rainfall
that was above the long-term
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Fic. 6.46. Australia-wide annual mean precipitation (blue bars), along with the
maximum (red line) and minimum (green line) temperature anomalies (°C) plot-
ted with respect to the 1961-90 base period. The 1961-90 climatological nor-
mal rainfall for Australia is 472 mm.

median, which was signifi-
cantly different than 2002
when only 18% of the country experienced wetter-
than-normal conditions. Similarly, only 1.2% of the
country experienced rainfall in the lowest 10% of re-
corded totals (decile 1) during 2003, compared to 36%
the year before.

Although the 2002/03 Australian meteorological
drought subsided in mid-2003, the gradual return to
near-normal conditions meant that the hydrological
drought remained, with subsequent and severe impacts
upon reservoirs. In Australia’s second largest city,
Melbourne, the period from March 2002 to February
2003 was the driest 12-month period since records
commenced in 1855, with only 317 mm
of accumulated precipitation. The low-
water storages led to the establishment
of fairly stringent water restrictions for

and the resulting increase in broad-scale evaporation
rates. The Australia-wide maximum temperature
anomaly for 2003 was the 6th highest on record
(records commenced in 1910), with a value 0.65°C
above the 1961-90 mean. Anomalies for the full year
of up to +2.5°C were recorded in eastern Queensland
(Fig. 6.47), while large parts of Queensland experienced
anomalies of +1.5°C. Similarly, the minimum tem-
perature anomaly was the fourth highest on record at
+0.59°C, and again the largest deviations from nor-
mal were recorded in Queensland, with anomalies of
over +1.5°C in the central and eastern parts of the state

the greater Melbourne area, Sydney,
and Canberra. Ongoing dry conditions
in southeastern Queensland saw stor-
age dam levels fall to extremely low lev-
els (generally just 20%-30% of capac-
ity, with some less than 10%). Irrigation
allowances were reduced or suspended
in many major catchments in eastern
Australia, impacting heavily on agricul-

tural activities.

(i) Temperatures

The slow return toward normal

meteorological, agricultural, and hy-
drological conditions was likely im-
pacted by the higher-than-normal
daytime and nighttime temperatures,

AMERICAN METEOROLOGICAL SOCIETY

FiG. 6.47. Maximum temperature anomalies across Australia during
2003, with respect to the 1961-90 base period.
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(not shown). Combined, the Australia-wide mean
temperature anomaly of +0.62°C was the 6th highest
on record, only 0.01°C less than the mean tempera-
ture anomaly for 2002. The significantly above-nor-
mal Australian temperatures of 2003 were the result
of a fairly typical post-El Niflo warm period, as heat
from the November-December 2002 peak of the
event dissipated over the following months, overlaid
on the longer-term warming trend.

The latter half of 2003 was exemplified by a record-
breaking heat wave during September in New South
Wales, South Australia, and Victoria, as well as very
high temperatures in the Northern Territory and
Queensland. In New South Wales, White Cliffs and
Menindee experienced maximum temperatures of
39.5°C, breaking the previous New South Wales Sep-
tember record of 38.8°C. Nine other locations in north-
ern and western New South Wales also exceeded
38.8°C. In Victoria, Mildura’s maximum temperature of
37.4°C broke the previous Victorian September record
of 35.6°C. In South Australia, Moomba had a maxi-
mum of 41.4°C, breaking the previous South Austra-
lian September record of 40.5°C. Birdsville, Queensland,
reached 42.4°C, and this new record fell just short of
the all-time Queensland temperature record of 42.6°C.
Another heat wave in northwest Western Australia late
in the month broke the all-time Australian September
record, when West Roebuck, near Broome, Western
Australia, recorded 43.1°C on 27 September. In addi-
tion, Fitzroy Crossing Aerodrome reached 42.9°C,
which exceeded the old mark of 42.8°C.

(iii) Bushfires

One of the major environmental impacts of the hot
and dry conditions, both early in the year and as a re-
sult of residual conditions from 2002, was wildfire, par-

Fic. 6.48. Smoke from the southeast Australian alpine
fires of Jan/Feb 2003, which reached Melbourne, ~200 km
to the southwest, on (left) 20 Jan 2003, and (right) the
normal view 24 h later after the winds shifted to the
south. (Photos taken from the Australian BOM Head
Office, Melbourne.)
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ticularly late in the Australian summer (early 2003).
Major bushfires burned in New South Wales, Victoria,
the Australian Capital Territory, Western Australia,
and Tasmania during 2003. Fires ignited by lightning
strikes in the alpine areas of southeast Australia affected
New South Wales, the Australian Capital Territory
and Victoria. These fires joined together to form a mas-
sive complex that burned for 59 days during January
and February. Smoke and haze not only affected re-
gions close to the fires themselves, but also spread over
200 km southwest to Melbourne, where on 20 January
visibility was reduced to less than 3 km (Fig. 6.48). This
fire, which burned over 1.1 million ha in Victoria alone,
was the third largest fire in southeastern Australian his-
tory, after the “Black Friday” fires of January 1939, and
the “Black Thursday” fires of February 1851.

) SOUTHWEST PACIFIC

The 2002/03 EI Nifo event, although decaying, had
a significant impact upon the southwest Pacific during
the first 4 months of 2003. The event had a noticeable
impact on the region’s precipitation anomalies at the
beginning of the year, with above-average rainfall over
Kiribati and below-average rainfall over much of New
Caledonia and Fiji. Fluctuations in the southwest
Pacific climate continued for some months after the
EINino had dissipated. The final one-third to one-half
of the year brought a more consistent climatic pattern
to the southwest Pacific, because the equatorial Pacific
Ocean settled into a near-neutral ENSO state.

SSTs, and, hence, mean air temperatures, were at
least 0.5°C above average throughout much of the
tropical southwest Pacific in 2003 (Fig. 6.49). The larg-
est positive anomalies occurred along the equator, from
Nauru, to the north of Rawaki Island, and eastward
toward eastern Kiribati, with SSTs ~1.0°C above aver-
age. The year was also one of the warmest years on
record for mean air temperatures in the Marquesas
(0.9°C above average at Hiva Hoa) and the Tuamotu
Islands (0.7°C above average at Takaroa) of French
Polynesia. However, Fiji was fairly typical of the west-
ern half of the basin, with an annual mean air tempera-
ture 0.3°C above normal, which reflected the warmer-
than-normal SST's for much the southwest Pacific
during 2003.

Above-average surface atmospheric pressures in the
Coral Sea were observed in every month except March,
leading to suppressed convection over the southern
parts of the Solomon Islands, northern Vanuatu, and
areas toward the date line. Suppressed convective ac-
tivity was also observed in an extensive region along
the equator from the date line eastward toward South
America, including Eastern Kiribati and the Marquesas
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record.

Areas of enhanced convec-
tion affected the region north
of Papua New Guinea, the
Marshall Islands, and parts of
southern French Polynesia during 2003. For the year,
the SPCZ was generally farther north and east than
usual. However, its main region of convective activity
was concentrated in areas east of the date line from
February to May, moving to areas west of the date line
from September to November. This anomalous posi-
tion of the SPCZ generated above-average annual pre-
cipitation in parts of New Caledonia, Tonga, and the
southern Cook Islands.

In total, the 2002-03 tropical cyclone season
brought 11 cyclones to the southwest Pacific, compa-
rable to the long-term aver-

FiG. 6.49. Annually averaged SST anomalies (°C) for 2003 across the southwest
Pacific basin (yellow/orange shading denotes warmer-than-average SSTs, and
light-blue/blue shading denotes cooler-than-average SSTs).

i) NEw ZEALAND

Anticyclones were more prevalent during the en-
tire year across New Zealand (Fig. 6.51), resulting in
the driest year on record in some areas of southern
New Zealand, with precipitation totals of only about
60% of normal. Rainfall was also well below average
in north Canterbury and central Marlborough, with
totals less than 75% of normal. For the year, there
were at least 20 heavy rainfall events, of which 9 pro-
duced floods, mainly in the North Island. The year was
also exceptionally sunny over much of the South Is-

age of 10. Tropical Cyclone
Erica in March was one of
the strongest to hit New
Caledonia in 50 yr, with gusts
to 234 km h™. Unusually, two
tropical cyclones developed
very late in the season during
June—Gina and Epi, both of
which were relatively weak
tropical storms. In this case,
a Madden-Julian Oscillation
event had just previously
propagated over or near a
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ing a set of antecedent condi-
tions that were uniquely
primed for such late tropical
cyclogenesis events.
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FiG. 6.50. Annually averaged OLR anomalies (W m2) for 2003, represented by
shaded areas, and annual precipitation percentage of average, shown by num-
bers. Higher OLR values (yellow or orange) were associated with clearer skies
and lower rainfall, while lower the OLR values (blue) were associated with cloudy
conditions and typically higher average precipitation.
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Fic. 6.51. Mean Sea Level Pressure (MSLP) anomaly map
for 2003 over the New Zealand region (hPa).

land, with totals close to, or more than, 115% of nor-
mal in Nelson (which recorded 2707 sunshine hours,
its second highest annual total on record), Westland,
Canterbury, Otago, and Southland. Wellington, on the
southern end of the North Island, also recorded its
sunniest year on record. The anomalously sunny con-
ditions generated above-average temperatures across
New Zealand, with an average annual temperature
during 2003 of 12.7°C, which was 0.1°C above the 1971-
2000 mean.

The year began with more frequent easterlies over
the North Island, with anticyclones to the southwest
from January through April. As a result, January
through the early part of May was very dry in the south-
west of the North Island, as well as in eastern regions
of both islands, and these anomalously dry conditions
spread eastward toward the end of the year. In con-
trast, New Zealand experienced more frequent north-

S64 | BAIS JUNE 2004

westerly flow in mid-May through August, with near-
normal precipitation during this period.

Winter in New Zealand had a remarkably mild start,
with the warmest June on record (records date back
over 150 yr), with nationwide temperatures 2.0°C above
average. However this was followed by an anomalously
cold July. There were five significant snowfall events
during the winter that affected low-lying areas. Cold
and snowy weather struck New Zealand during the first
week of July, where locally up to 30 cm (~12 in) of snow
fell in the eastern South Island and the North Island
high country. This snowstorm was described as one of
the worst in 50 yr, causing thousands of power out-
ages to homes and businesses, closing airports, and
stranding hundreds of motorists.

The latter part of the year was dominated by vari-
able west-to-southwesterly flow, which produced
anomalously dry conditions along with soil moisture
deficits that became quite severe throughout Otago,
Canterbury, and central Marlborough, and significant
in Wairarapa, Nelson, and parts of Northland. How-
ever, severe northwesterly gales (up to 176 km h™" at
South West Cape) affected central and eastern New
Zealand in September, along with several destructive
tornadoes on the West Coast on 18 September. Octo-
ber brought late frosts and snowfalls to the South Is-
land hill country, which resulted in thousands of new-
born lambs lost to exposure.

At the end of the year, a heat wave affected the South
Island, with temperatures reaching 36.0°C at
Middlemarch in eastern Otago on the 31 December—
the highest December temperature on record in the
Middlemarch area, and equal to the highest for De-
cember for the Otago region (36.0°C at Alexandra in
December 1988).



(wo330q) pue auaydsiwaH uiayyioN (dol) £00Z 924

7. SEASONAL SUMMARIES

0S1L-
0cl-
06-
09-
oe-
Sl-
Gl
0¢
09
06
0cl
0s1

‘sueaw polsad aseq
000Z-6L61 Y3 wouy saanjyuedap aJe saijewouy (Suipeys) saljewuoue pue (wep
6 S! [eA193ul unojU0d) sjy31vy ernuajzodoasd edy-00s 249YydsiwsH uiayynog

=700T 224 'T’L

‘214

*(seaJe 931ym) suoi3dau asseds-eyep ui payjiwo sem siskjeue ay | (6661
a1 pue eimoue[) sajewnss uonelididaid paAlIap-331||9)eS pue SUOIIBAIIS
-qo 28neS uleJ JO UoIHEUIqUIOD B WO} PauleIqo d49Mm eyep uonejididadd 193
-BM J3A0 dunjesadwia) 95.pINS BIS pue pue| J9A0 BIEP UOIJE)S UO Paseq 349M
(pouiad aseq 000z—1L61) s2lfewoue aunyesadwa] poisad aseq 000Z-6L6 |
ay3 03 31 uonnqusip ewwes e uo paseq saji3uadiad uoneyididaad (wolyoq)
pue sojjewoue aJnjedadwa) adens (D, ‘do3) €007 9°4-700T 2°2dA °I°L 214

06 0L 0€ (1]

(0113 306 0 MO6 08l

JUNE 2004 BAMS | $65

AMERICAN METEOROLOGICAL SOCIETY



‘sueaw portad
aseq 0007—6L61 @Yy wouy saunyaedap ate sajjewouy ‘(Suipeys) sajjewioue
pue (wep ¢ sI [eA423ul Jn0juU0d) s3y3IvY [ennuajodoasd eqy-00s 219YydsiwuaH
usayynog (woljoq) pue asaydsiwaH uidyjioN (dol) €007 Aep—1elW ‘L *o14

*(seaJe 931ym) suoi3au asseds-ejep ul paj3iwuo sem sisAeue
ay] (6661 21X pue Yeimoue[) sayewnsa uonelididaud paaliap-93ijjojes pue
suoneAlasqo a3nes ujed Jo UOIIBUIGUIOD B WO.1) P3Ule}qo 349M ejep uonelidd
-34d "19)EM J3AO0 dunjeiaduia) 9deLINS BIS pUe pue| 49A0 BIEP UOIJE)S UO paseq
auaMm (poriad aseq 000Z—1L61) Sllewoue ainyesadwa] "poiiad aseq 000T
—6161 Y3 03 3 uonNqIIsIp ewiwes e uo paseq sajuadiad uonejidaad (woy
-30q) pue sajjewoue aunjesadwa)y adeyns (D, ‘dol) £007 Aep-4elW ‘€L *o14

$66 | BAIMS JUNE 2004



‘sueaw poriad
aseq 0007-6L61 2Y3 wouy saanyaedap ate sajjewouy *(Suipeys) sajjewoue
pue (wep ¢ sI [eA193ul JnOjU0d) s3y31ay [ernuajodoald edy-go§ 219ydsiwuaH
usayynog (wo33oq) pue assydsiwsH usayioN (dol) €00z Sny-unf -9z 014

*(seaJe 931ym) suoi3au asaeds-ejep ui pa33ILIo SeM SIS
-Areue ay] (6661 21X pue>jeimoue() sajewnss uonejididaad paaap-a3ijjojes
pue suopjeAsasqo aSnes ureJ Jo UoIIBUIqLUOD & WIO.) PAUIR}]O J3M BIEp Uo
-e31d1da.4d "193EM J49A0 danjesadwua) 3de)ins Bas pue pue| J3A0 BIEp UOIIE)S UO
paseq a4am (poriad aseq 000Z—1L61) soljewoue ainyesadwa] ‘poliad aseq
0007-6L61 2Y3 03 31j uoianqi3sip ewwes e uo paseq sa|i3uadad uonezidaad
(wo330q) pue saijewoue ainjesaduway adeyns (D, ‘dol) £007 Sny-unf gz *o14

06 0L 0g 0l

JUNE 2004 BAMS | S67

AMERICAN METEOROLOGICAL SOCIETY



‘sueaw polsad
aseq 0007-6L61 Y3 wouy saanysedap aJse sajjewouyy *(Suipeys) sajjewoue
pue (wep ¢ SsI [eA133uUl 4nojuod) syysiay Jennuajodoas edy-00s 243ydsiwsH
usdyynog (wojjoq) pue auaydsiwsH usayyaoN (dol) £00z AoN-das *g°Z 214

*(seaue 931ym) suoi8au asaeds-ejep ul pajjiwuo sem sisAjeue
3yl ‘(6661 21X pue eimoue() sajewnss uonejididaid paLiap-93ij93es pue
suoieA1asqo a8nes ureJ Jo UoIJBUIGLUOD B LLIOJ) PaUleIqo 349M ejep uonelidd
-34d "193)EM JIA0 3Jnjesadwua) 93.pNs BIS puUe pue| J9AO BJEP UOIJEIS UO paseq
auam (poriad aseq 000Z—1L61) seljewoue ainyesadwa] polsad aseq 000T
—6.161 Y3 03 31 uonNqLIsip ewwes e uo paseq saji3uadiad uonejiddaad (woy
-30q) pue sajjewoue aJnjetadwa) adepins (D, ‘do3) €007 AON-dos *£°L o1

$68 | BAIMS JUNE 2004



ACKNOWLEDGMENTS. This assessment would not
have been possible without assistance and contributions from
many scientists around the world. These scientists are named
in the appendix and include a broad cross section of exper-
tise from within the NOAA community, various federal labo-
ratories, universities, and other institutions across the globe.
We would like to thank them all for their timely and valu-
able input. We would also like to thank the anonymous re-
viewers whose comments and suggestions improved this ar-
ticle. Other reviews from Sharon LeDuc, David Easterling,
Gerry Bell, and Wassila Thiaw were also unquestioningly
helpful. Acknowledgement must also be given to Paul Llanso
of the WMO for his invaluable suggestions, editing assis-
tance, and liaison with the WMO. Special acknowledgement
must be given to Sara Veasey at NCDC for the extensive
time and graphical expertise she used in preparing this docu-
ment. This assessment was supported by a grant from the
NOAA Office of Global Program’s Climate Change Data
and Detection Program, with additional funding provided
by the WMO’s World Climate Research Programme.

APPENDIX: CONTRIBUTORS
National Climatic Data Center

¢ Scott Stephens

e Candace Tankersley

e Trevor Wallis

e Richard Heim

e Stuart Hinson

Hadley Centre for Climate Prediction and Research
¢ Nick Rayner

British Antarctic Survey
o Gareth Marshall

University of Illinois at Urbana-Champaign
o Bill Chapman

NOAA/Climate Monitoring and Diagnostics
Laboratory/OAR
e C.D.Keeling
¢ K. Thoning
e S.A.Montzka
e J. H. Butler
¢ T. Thompson
e D. Mondeel
e J.Elkins
P. C. Novelli
¢ E.J.Dlugokencky

Rutgers University
¢ Thomas Estilow

AMERICAN METEOROLOGICAL SOCIETY

REFERENCES

Bailey, C., and Coauthors, 2003: An objective clima-
tology, classification scheme, and assessment of sen-
sible weather impacts for Appalachian cold-air dam-
ming. Wea. Forecasting, 18, 641-661.

Barnston, A. G., and R. E. Livezey, 1987: Classification,
seasonality and persistence of low-frequency atmo-
spheric circulation patterns. Mon. Wea. Rev., 115,
1083-1126.

Behringer, D. W., M. Ji, and A. Leetmaa, 1998: An
improved coupled model for ENSO prediction and
implications for ocean initialization. Part I: The
ocean data assimilation system. Mon. Wea. Rev.,
126, 1013-1021.

Belchansky, G. I, D. C. Douglas, and N. G. Platonov,
2004: Duration of the Arctic sea ice melt season:
Regional and interannual variability, 1979-2001. J.
Climate, 17, 67-80.

Bell, G. D., 2003: The 2002 Atlantic hurricane season.
State of the Climate in 2002, A. M. Waple and J. H.
Lawrimore, Eds., Bull. Amer. Meteor. Soc., 84, S1-
S68.

——, and L. F. Bosart, 1988: Appalachian cold-air dam-
ming. Mon. Wea. Rev., 116, 137-161.

——, and Coauthors, 1999: Climate Assessment for
1998. Bull. Amer. Meteor. Soc., 80, S1-S48.

——, and Coauthors, 2000: Climate Assessment for
1999. Bull. Amer. Meteor. Soc., 81, S1-S50.

Beniston, M., 2004: The 2003 heat wave in Europe: A
shape of things to come? An analysis based on Swiss
climatological data and model simulations. Geophys.
Res. Lett., 31, L02204, doi:10.1029/2003GL01885.

Bruhwiler, L. M., E. S. Kasischke, E. J. Dlugokencky, and
P. Tans, 2000: Boreal biomass burning during 1998
and anomalous northern hemispheric CO. EOS,
Trans. Amer. Geophys. Union, 81, 260.

Chapman, W. L. and J. E. Walsh, 1993: Recent varia-
tions of sea ice and air temperature in high latitudes.
Bull. Amer. Meteor. Soc., 74, 2-16.

Chelliah, M., and G. D. Bell, 2004: Tropical multidec-
adal and interannual climate variations in the
NCEP-NCAR Reanalysis. J. Climate, 17, 1777-1803.

Christy, J. R., R. W. Spencer, W. B. Norris, W. D.
Braswell, and D. E. Parker, 2003: Error estimates
of version 5.0 of MSU/AMSU bulk atmospheric
temperatures. J. Atmos. Oceanic Technol., 20, 613
629.

Ciais, P., P. P. Tans, M. Trolier, J. W. C. White, and R.
J. Francey, 1995: A large Northern Hemisphere ter-
restrial CO, sink indicated by the “C/"C ratio of
atmospheric CO,. Science, 269, 1098-1102.

JUNE 2004 BAMS | $69



Conway, T. J., P. P. Tans, L. S. Waterman, K. W.
Thoning, D. R. Kitzis, K. A. Masarie, and N. Zhang,
1994: Evidence for interannual variability of the car-
bon cycle from the NOAA CMDL global air sam-
pling network. J. Geophys. Res., 99, 22 831-22 855.

Cook, E. R,, 2000. Nifio-3 Index Reconstruction. IGBP
PAGES/WDCA Contribution Series 2000-052,
World Data Center for Paleoclimatology.
[Available online at ftp://ftp.ngdc.noaa.gov/paleo/
treering/reconstructions/nino3_recon.txt.]

——, D. M. Meko, D. W. Stahle, and M. K. Cleaveland,
1999: Drought reconstructions for the continental
United States. J. Climate, 12, 1145-1162.

Dai, A., I Y. Fung, and A. D. Del Genio, 1997: Surface
observed global land precipitation variations dur-
ing 1900-88. J. Climate, 10, 2943-2961.

Daniel, J. S., and S. Solomon, 1998: On the climate forc-
ing of carbon monoxide. J. Geophys. Res., 103,
13 249-13 260.

——, —, R. W. Portmann, and R. R. Garcia, 1999:
Stratospheric ozone destruction: The importance of
bromine relative to chlorine. J. Geophys. Res., 104,
23 871-23 880.

Dlugokencky, E. J., S. Houweling, L. Bruhwiler, K. A.
Masarie, P. M. Lang, J. B. Miller, and P. P. Tans, 2003:
Atmospheric methane levels off: Temporary pause
or new steady state? Geophys. Res. Lett., 30, 1992,
doi:10.1029/2003GL018126.

Drobot, S. D., and M. R. Anderson, 2001: An improved
method for determining snowmelt onset dates over
Arctic sea ice using Scanning Multi-channel Micro-
wave Radiometer and Special Sensor Microwave/
Imager data. J. Geophys. Res., 104, 24 033-24 049.

——, and J. A. Maslanik, 2003: Interannual variability
in summer Beaufort Sea ice conditions: Relation-
ship to spring and summer surface and atmospheric
variability. J. Geophys. Res., 108, 3233, doi:10.1029/
2002JC001537.

Folland, C. K., and Coauthors, 2001a: Observed climate
variability and change. Climate Change 2001: The
Scientific Basis, J. T. Houghton et al., Eds., Cam-
bridge University Press, 99-181.

——, and Coauthors, 2001b: Global temperature
change and its uncertainties since 1861. Geophys. Res.
Lett., 28, 2621-2624.

Forbes, G. S., D. W. Thomson, and R. A. Anthes, 1987:
Synoptic and mesoscale aspects of an Appalachian
ice storm associated with cold-air damming. Mon.
Wea. Rev., 115, 564-591.

Fujita, T. T., 1971: Proposed characterization of torna-
does and hurricanes by area and intensity. SMRP
No. 91, University of Chicago.

§70 | BAMS JUNE 2004

Gadgil, S. 7., P. V. Joseph, and N. V. Joshi, 1984: Ocean-
atmosphere coupling over monsoon regions. Na-
ture, 312, 141-143.

Goldenberg, S. B., and L. J. Shapiro, 1996: Physical
mechanisms for the association of El Nifio and West
African rainfall with Atlantic major hurricanes. J.
Climate, 9, 1169-1187.

——, C. W. Landsea, A. M. Mestas-Nuilez, and W. M.
Gray, 2001: The recent increase in Atlantic hurri-
cane activity: Causes and implications. Science, 293,
474-479.

GPCC, 1998: The Global Precipitation Climatology
Centre. [Available online at http://gpcc.dwd.de.]
Gray, W. M., 1984: Atlantic seasonal hurricane fre-
quency. Part 1: El Nifio and 30 mb quasi-biennial
oscillation influences. Mon. Wea. Rev., 112, 1649-

1668.

Hall, B. D., and Coauthors, 2002: Halocarbons and
other atmospheric trace species. Climate Monitor-
ing and Diagnostics Laboratory Summary Report No.
25, 1998-1999, NOAA Oceanic and Atmospheric
Research, D. B. King, R. C. Schnell, and R. M.
Rosson, Eds., 154 pp.

Halpert, M. S., and G. D. Bell, 1997: Climate Assess-
ment for 1996. Bull. Amer. Meteor. Soc., 78, S1-549.

——,and ——, 2003: ENSO and the tropical Pacific. State
of the Climate in 2002, A. M. Waple and J. H.
Lawrimore, Eds., Bull. Amer. Meteor. Soc., 84, S1-
S68.

Hare, S. R., and N. J. Mantua, 2000: Empirical evidence
for North Pacific regime shifts in 1977 and 1989,
Progress in Oceanography, Vol. 47, Pergamon, 103-
145.

Hastenrath, S., 1990: Decadal-scale changes of the cir-
culation in the tropical Atlantic sector associated with
Sahel drought. Int. J. Climatol., 10, 459-472.

——, L. Greischar, and J. Van Heerden, 1995: Predic-
tion of the summer rainfall over South Africa. J.
Climate, 8, 1511-1518.

Heim, R. R, Jr., 2002: A review of 20th century drought
indices used in the United States. Bull. Amer. Me-
teor. Soc., 83, 1149-1165.

Horel, J. D., and J. M. Wallace, 1981: Planetary-scale
phenomena associated with the Southern Oscilla-
tion. Mon. Wea. Rev., 109, 813-829.

Horton, E. B., C. K. Folland, and D. E. Parker, 2001:
The changing incidence of extremes in worldwide
and Central England temperatures to the end of
the twentieth century. Climatic Change, 50, 267-
295.

Hurrell, J. W., 1995: Decadal trends in the North At-
lantic Oscillation and relationships to regional tem-
perature and precipitation. Science, 269, 676-679.



Jacka, T. H and W. F. Budd, 1998: Detection of tem-
perature and sea ice extent changes in the Antarctic
and Southern Ocean. Ann. Glaciol., 27, 553-559.

Janicot, S., 1992: Spatiotemporal variability of West
African rainfall. Part II: Associated surface and
airmass characteristics. J. Climate, 5, 499-511.

Janowiak, J. E., and P. Xie, 1999: CAMS-OPI: A global
satellite-rain gauge merged product for real-time
precipitation monitoring applications. J. Climate, 12,
3335-3342.

Jauregui, E., 2003: Climatology of landfalling hurricanes
and tropical storms in Mexico. Atmosfera, 16, 193-
204.

Johannessen, O. M., and Coauthors, 2004: Arctic cli-
mate change—Observed and modeled temperature
and sea ice variability. Tellus, in press.

Jones, P. D., 1994: Hemispheric surface air tempera-
ture variations: A reanalysis and an update to 1993.
J. Climate, 7, 1794-1802.

——, and A. Moberg, 2003: Hemispheric and large-
scale surface air temperature variations: An exten-
sive revision and an update to 2001. J. Climate, 16,
206-223.

——,T.]J. Osborn, K. R. Briffa, C. K. Folland, B. Horton,
L. V. Alexander, D. E. Parker, and N. A. Rayner,
2001: Adjusting for sampling density in grid-box
land and ocean surface temperature time series. J.
Geophys. Res., 106, 3371-3380.

JTWGC, 2004: Joint Typhoon Warning Center best track
dataset.  [Available online at https://
metoc.npmoc.navy.mil/jtwc/best tracks/.]

Karl, T. R, C. N. Williams, F. T. Quinlan, and T. A.
Boden, 1990: United States Historical Climatology
Network. Carbon Dioxide Information and Analy-
sis Center, Environmental Science Division Publi-
cation 3404.

Kasischke, E. S., and Coauthors, 2000: Contributions
of 1998 fires in the boreal forest to atmospheric con-
centrations of carbon monoxide and methane. EOS,
Trans. Amer. Geophys. Union, 81, 260.

Keeling, C. D., T. P. Whorf, M. Wahlen, and J.
Vanderplicht, 1995: Interannual extremes in the rate
of rise of atmospheric carbon dioxide since 1980.
Nature, 375, 666-670.

Landsea, C. W., 1993: A climatology of intense (or
major) Atlantic hurricanes. Mon. Wea. Rev., 121,
1703-1713.

——, and W. M. Gray, 1992: The strong association be-
tween Western Sahelian monsoon rainfall and in-
tense Atlantic hurricanes. J. Climate, 5, 435-453.

——, R. A. Pielke, A. M. Mestas-Nufez, and J. A. Knaff,
1999: Atlantic basin hurricanes: Indices of climatic
changes. Climatic Change, 42, 89-129.

AMERICAN METEOROLOGICAL SOCIETY

Langenfelds, R. L., R. J. Francey, B. C. Pak, L. P. Steele,
J. Lloyd, C. M. Trudinger, and C. E. Allison, 2002:
Interannual growth rate variations of atmospheric
CO, and its d"C, H,, CH,, and CO between 1992
and 1999 linked to biomass burning. Global
Biogeochem. Cyc., 16, 1048, doi:10.1029/
2001GB001466.

Lawrimore, J. H., and Coauthors, 2001: Climate As-
sessment for 2000. Bull. Amer. Meteor. Soc., 82
(June), S1-S55.

Marland, G. and Coauthors, 2003: The climatic impacts
of land surface change and carbon management,
and the implications for climate-change mitigation
policy. Climate Policy, 3, 149-157

Maslanik, J. A., M. C. Serreze, and T. Agnew, 1999: On
the record reduction in 1998 western Arctic sea ice
cover. Geophys. Res. Lett., 26, 1905-1908.

Mears, C. A., M. C. Schabel, and F. J. Wentz, 2003: A
reanalysis of the MSU channel 2 tropospheric tem-
perature record. J. Climate, 16, 3650-3664.

Mestas-Nuiiez, A. M., and D. B. Enfield, 1999: Rotated
global modes of non-ENSO sea surface tempera-
ture variability. J. Climate, 12, 2734-2746.

Mo, K. C,, and V. E. Kousky, 1993: Further analysis of
the relationship between circulation anomaly pat-
terns and tropical convection. J. Geophys. Res., 98,
5103-5113.

Montzka, S. A., and P. J. Fraser, 2003: Controlled sub-
stances and other source gases. Scientific Assessment
of Ozone Depletion: 2002 Global Ozone Research and
Monitoring Project, WMO Report No. 47.

——, J. H. Butler, J. W. Elkins, T. M. Thompson, A. D.
Clarke, and L. T. Lock, 1999: Present and future
trends in the atmospheric burden of ozone-deplet-
ing halogens. Nature, 398, 690-694.

——, ——, J. H. Butler, B. D. Hall, D. J. Mondeel, and
J. W. Elkins, 2003: A decline in tropospheric organic
bromine, Geophys. Res. Lett., 30, 1826, doi:10.1029/
2003GL017745.

Nakicenovic, N., and Coauthors, 2000: IPCC Special
Report on Emissions Scenarios. Cambridge Univer-
sity Press, 599 pp.

Novelli, P. C., K. A. Masarie, P. M. Lang, B. D. Hall, R.
C. Myers, and J. C. Elkins, 2003: Reanalysis of tro-
pospheric CO trends: Effects of the 1997-1998 wild-
fires. J. Geophys. Res. 108, 4464, doi:10.1029/
2002JD003031.

Parker, D. E., C. K. Folland, and M. Jackson, 1995:
Marine surface temperature: Observed variations
and data requirements. Climatic Change, 31, 559-600.

Peterson, T. C., and R. S. Vose, 1997: An overview of the
Global Historical Climatology Network temperature
database. Bull. Amer. Meteor. Soc., 78, 2837-2849.

JUNE 2004 BAIS | S71



Prather, M. J., 1996: Natural modes and time scales in
atmospheric chemistry: Theory, GWPs for CH, and
CO, and runaway growth. Geophys. Res. Lett., 23,
2597-2600.

Quayle, R. G., T. C. Peterson, A. N. Basist, and C. S.
Godfrey, 1999: An operational near-real-time glo-
bal temperature index. Geophys. Res. Lett., 26, 333
335.

Reed, R. ], D. C. Norquist, and E. E. Recker, 1977: The
structure and properties of African wave distur-
bances as observed during Phase III of GATE. Mon.
Wea. Rev., 105, 317-333.

Ropelewski, C. F., and M. S. Halpert, 1987: Global and
regional scale precipitation patterns associated with
the El Nifio/Southern Oscillation. Mon. Wea. Rev.,
115, 1606-1626.

——, and ——, 1989: Precipitation patterns associated
with the high index phase of the Southern Oscilla-
tion. J. Climate, 2, 268-284.

——,and —, 1996: Quantifying Southern Oscillation-
precipitation relationships. J. Climate, 9, 1043-1059.

Rudolf, B., H. Hauschild, W. Rueth, and U. Schneider,
1994: Terrestrial precipitation analysis: Operational
method and required density of point measure-
ments. Global Precipitation and Climate Change, M.
Desbois and F. Desalmond, Eds., NATO ASI Series
I, Vol. 26, Springer-Verlag, 173-186.

Serreze, M. C., and Coauthors, 2003: A record mini-
mum arctic sea ice extent and area in 2002. Geophys.
Res. Lett., 30, 1110, do0i:10.1029/2002GL016406.

Shapiro, L. J., 1989: The relationship of the quasi-bien-
nial oscillation to Atlantic tropical storm activity.
Mon. Wea. Rev., 117, 1545-1552.

Simpson, R. H., 1974: The hurricane disaster potential
scale. Weatherwise, 27, 169-186.

Smith, T. M., and R. W. Reynolds, 1998: A high-reso-
lution global sea surface temperature climatology
for the 1961-90 base period. J. Climate, 11, 3320-
3323.

Stammerjohn, S. E., and R. C. Smith, 1997: Opposing
Southern Ocean climate patterns as revealed by
trends in regional sea ice coverage. Climatic Change,
37, 617-639.

Stone, R. S, E. G. Dutton, J. M. Harris, and
D. Longenecker, 2002: Earlier spring snowmelt in
northern Alaska as an indicator of climate change.

§72 | BAIS JUNE 2004

J. Geophys. Res., 107, 4089, 10.1029/2000JD000286.

Swetnam, T. W., and J. L. Betancourt, 1990: Fire-South-
ern Oscillation relations in the southwestern United
States. Science, 249, 1017-1020.

Thiaw, W. M., A. B. Barnston, and V. Kumar, 1999:
Predictions of African rainfall on the seasonal time
scale. J. Geophys. Res., 104, 31 589-31 597.

Thompson, D. W.]., and J. M. Wallace, 1998: The Arc-
tic Oscillation signature in the wintertime
geopotential height and temperature fields.
Geophys. Res. Lett., 25, 1297-1300.

Vaughan, D. G, and C. S. M. Doake, 1996: Recent at-
mospheric warming and retreat of ice
shelves on the Antarctic Peninsula. Nature, 379, 328-
331.

Vinnikov, K. Y., and N. C. Grody, 2003: Global warm-
ing trend of mean tropospheric temperature ob-
served by satellites. Science, 302, 269-272.

——, and Coauthors, 1999: Global warming and
Northern Hemisphere sea ice extent. Science, 286,
1934-1937.

Vose, R. S., R. L. Schmoyer, P. M. Steurer, T. C.
Peterson, R. Heim, T. R. Karl, and J. Eischeid, 1992:
The Global Historical Climatology Network: Long-
Term Monthly Temperature, Precipitation, Sea Level
Pressure, and Station Pressure Data. Carbon Diox-
ide Information Analysis Center, Oak Ridge Na-
tional Laboratory, Rep. ORNL/CDIAC-53, NDP-
041, 189 pp.

Waple, A. M., and Coauthors, 2002: Climate Assess-
ment for 2001. Bull. Amer. Meteor. Soc., 83 (June),
S1-S62.

——, and J. H. Lawrimore, 2003: State of the climate in
2002. Bull. Amer. Meteor. Soc., 84 (June), S1-S68.

Ward, M. N., 1998: Diagnosis and short-lead time pre-
diction of summer rainfall in tropical North Africa
at interannual and multidecadal timescales. J. Cli-
mate, 11, 3167-3191.

Westerling, A. L., and T. W. Swetnam, 2003: Interan-
nual to decadal drought and wildfire in the western
United States. EOS, Trans. Amer. Geophys. Union,
84, 554-555.

Whitney, L. D., and J. S. Hobgood, 1997: The relation-
ship between sea surface temperatures and maxi-
mum intensities of tropical cyclones in the Eastern
North Pacific Ocean. J. Climate, 10, 2921-2930.



