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ABSTRACt—J. Blunden, D. S. Arndt, and M. O. Baringer

Several large-scale climate patterns influenced climate 
conditions and weather patterns across the globe during 
2010. The transition from a warm El Niño phase at the 
beginning of the year to a cool La Niña phase by July 
contributed to many notable events, ranging from record 
wetness across much of Australia to historically low 
Eastern Pacific basin and near-record high North Atlantic 
basin hurricane activity. The remaining five main hur-
ricane basins experienced below- to well-below-normal 
tropical cyclone activity. The negative phase of the Arctic 
Oscillation was a major driver of Northern Hemisphere 
temperature patterns during 2009/10 winter and again in 
late 2010. It contributed to record snowfall and unusually 
low temperatures over much of northern Eurasia and 
parts of the United States, while bringing above-normal 
temperatures to the high northern latitudes. The Febru-
ary Arctic Oscillation Index value was the most negative 
since records began in 1950. 

The 2010 average global land and ocean surface tem-
perature was among the two warmest years on record. 
The Arctic continued to warm at about twice the rate of 
lower latitudes. The eastern and tropical Pacific Ocean 
cooled about 1°C from 2009 to 2010, reflecting the transi-
tion from the 2009/10 El Niño to the 2010/11 La Niña. 
Ocean heat fluxes contributed to warm sea surface tem-
perature anomalies in the North Atlantic and the tropi-
cal Indian and western Pacific Oceans.  Global integrals 
of upper ocean heat content for the past several years 
have reached values consistently higher than for all prior 
times in the record, demonstrating the dominant role of 
the ocean in the Earth’s energy budget. Deep and abys-
sal waters of Antarctic origin have also trended warmer 
on average since the early 1990s. Lower tropospheric 
temperatures typically lag ENSO surface fluctuations 
by two to four months, thus the 2010 temperature was 
dominated by the warm phase El Niño conditions that 
occurred during the latter half of 2009 and early 2010 
and was second warmest on record. The stratosphere 
continued to be anomalously cool.  

Annual global precipitation over land areas was about 
five percent above normal. Precipitation over the ocean 
was drier than normal after a wet year in 2009. Overall, 
saltier (higher evaporation) regions of the ocean surface 
continue to be anomalously salty, and fresher (higher 
precipitation) regions continue to be anomalously fresh. 
This salinity pattern, which has held since at least 2004, 
suggests an increase in the hydrological cycle. 

Sea ice conditions in the Arctic were significantly dif-
ferent than those in the Antarctic during the year. The 
annual minimum ice extent in the Arctic—reached in 
September—was the third lowest on record since 1979. 
In the Antarctic, zonally averaged sea ice extent reached 
an all-time record maximum from mid-June through late 
August and again from mid-November through early De-
cember. Corresponding record positive Southern Hemi-
sphere Annular Mode Indices influenced the Antarctic 
sea ice extents.  

Greenland glaciers lost more mass than any other 
year in the decade-long record. The Greenland Ice Sheet 
lost a record amount of mass, as the melt rate was the 
highest since at least 1958, and the area and duration of 
the melting was greater than any year since at least 1978. 
High summer air temperatures and a longer melt season 
also caused a continued increase in the rate of ice mass 
loss from small glaciers and ice caps in the Canadian Arc-
tic. Coastal sites in Alaska show continuous permafrost 
warming and sites in Alaska, Canada, and Russia indicate 
more significant warming in relatively cold permafrost 
than in warm permafrost in the same geographical area. 
With regional differences, permafrost temperatures are 
now up to 2°C warmer than they were 20 to 30 years 
ago. Preliminary data indicate there is a high probability 
that 2010 will be the 20th consecutive year that alpine 
glaciers have lost mass. 

Atmospheric greenhouse gas concentrations contin-
ued to rise and ozone depleting substances continued to 
decrease. Carbon dioxide increased by 2.60 ppm in 2010, 
a rate above both the 2009 and the 1980–2010 average 
rates. The global ocean carbon dioxide uptake for the 
2009 transition period from La Niña to El Niño conditions, 
the most recent period for which analyzed data are avail-
able, is estimated to be similar to the long-term average. 
The 2010 Antarctic ozone hole was among the lowest 
20% compared with other years since 1990, a result 
of warmer-than-average temperatures in the Antarctic 
stratosphere during austral winter between mid-July and 
early September. 
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1. Introduction—D. S. Arndt, J. Blunden, and  
M. O. Baringer
The primary goal of the annual State of the Climate 

collection of articles is to document the weather and 
climate events of the most recent calendar year and 
put them into accurate historical perspective, with 
a particular focus on unusual or anomalous events. 
This is the 21st annual edition of this effort, includ-
ing its origin as NOAA’s Climate Assessment, and 
the 16th consecutive year of its association with the 
Bulletin of the American Meteorological Society. The 
State of the Climate series continues to grow in scope 
and authorship. This edition presents contributions 
from the largest body of authors to date and brings 
several new sections to the readership. 

The year 2010 was notable for its globally-averaged 
warmth and for the far-reaching impacts related 
to significant behavior of several modes of climate 
variability. These modes have unique influences and 
impacts throughout the climate system. Indeed, each 
chapter in this document contains special mention 
of ENSO, or the various hemispheric indices such as 
the Arctic Oscillation or Southern Annular Mode. 
Sidebar 1.1, which was coordinated by the Chapter 2 
(Global Climate) editors, is intended as an introduc-
tory overview of selected known modes of variability. 
More practically, it serves as a data-laden reference 
for readers of later chapters. The online supplement 
includes additional data that allow the reader to in-
vestigate further. 

Different regions have different sensitivities and 
thus varying definitions of ENSO. This, combined 
with the global authorship of the State of the Cli-
mate in 2010, led to various descriptors of the peak 
strengths of the early-2010 El Niño episode and the 
late-2010 La Niña. This was standardized, where 
possible, using NOAA’s description of “strong” for 
El Niño and “moderate-to-strong” for La Niña. In 
more regional discussions, these descriptors have 
not been changed.

To build a broader description of the climate sys-
tem, this report aims each year to increase the number 
of represented Essential Climate Variables (ECVs), 
as defined and maintained by the climate observing 
community through the Global Climate Observing 
System (GCOS 2003; Fig. 1.1). To that end, new edi-
tors representing expertise in two broad disciplines 
(terrestrial processes and atmospheric composition) 
were added to the panel serving Chapter 2. 

The following ECVs included in this edition are 
considered “fully monitored”, such that they are ob-
served and analyzed across much of the world, with a 

sufficiently long-term dataset that has peer-reviewed 
documentation:

Atmospheric Surface: air temperature, pre-•	
cipitation, air pressure, water vapor*.
Atmospheric Upper Air: earth radiation •	
budget, temperature, water vapor, cloud 
properties.
Atmospheric Composition: carbon dioxide, •	
methane, ozone, nitrous oxide, chloro-
f luorocarbons, hydrochlorof luorocarbons, 
hydrofluorocarbons, sulphur hexafluorides, 
perflurocarbons*, aerosols.
Ocean Surface: temperature, salinity, sea level, •	
sea ice, current, ocean color.
Ocean Subsurface: temperature, salinity*.•	
Terrestrial: snow and ice cover.•	

ECVs in this edition that are considered “partially 
monitored”, meeting some but not all of the above 
requirements, include:

Atmospheric Surface: wind speed and direc-•	
tion.
Atmospheric Composition: long-lived green-•	
house gases not listed as fully monitored 
above.
Ocean Surface: carbon dioxide.•	
Ocean Subsurface: current, carbon.•	
Terrestrial: soil moisture, permafrost, glaciers •	
and ice sheets, river discharge, groundwater*, 
lake levels, fraction of absorbed photosyn-
thetically-active radiation, biomass, f ire 
disturbance.

Fig. 1.1. Number of fully or partially monitored Essential 
Climate Variables (ECVs) reported in the annual State 
of the Climate editions since 2007. Atmospheric surface 
water vapor, atmospheric perfluorocarbons, oceanic 
subsurface salinity, and terrestrial groundwater have 
been introduced in this current edition.
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ECVs that are expected to be added in the future 
include:

Atmospheric Surface: surface radiation •	
budget.
Atmospheric Upper Air: wind speed and •	
direction.
Ocean Surface: sea state.•	
Ocean Subsurface: nutrients, ocean tracers, •	
phytoplankton.
Terrestrial: surface ground temperature, sub-•	
surface temperature and moisture, water use, 
albedo, land cover, leaf area index.

*These ECVs were introduced to the report in this 
edition.

A brief overview of the findings in this report 
is presented in the Abstract and shown in Fig. 1.2. 
The remainder of the report is organized starting 
with global-scale climate variables (Chapter 2) to 
increasingly divided geographic regions described 
in Chapters 3 through 7. Chapter 3 highlights the 
global ocean and Chapter 4 includes tropical climate 
phenomena such as El Niño/La Niña and tropical 
cyclones. The Arctic and Antarctic respond differ-
ently through time and hence are reported in separate 
chapters (5 and 6). Chapter 7 provides a regional 
perspective authored largely by local government 
climate specialists. Sidebars included in each chapter 
are intended to provide background information on 
a significant climate event from 2010, a developing 
technology, or an emerging dataset germane to the 
chapter’s content.
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Sidebar 1.1: PATTERNS AND INDICES OF CLIMATE VARIABILITY— 
A. Kaplan

Climate variability is not uniform in space; it can be 
described as a combination of some “preferred” spatial 
patterns. The most prominent of these are known as 
modes of climate variability, which affect weather and cli-
mate on many spatial and temporal scales. The best known 
and truly periodic climate variability mode is the seasonal 
cycle. Others are quasi-periodic or of wide spectrum 
temporal variability. Climate modes themselves and their 
influence on regional climates are often identified through 
spatial teleconnections, i.e., relationships between climate 
variations in places far removed from each other.

For example, Walker (1924) named the Southern 
Oscillation (SO) and associated its negative phase with 
Indian monsoon failure. Later, Bjerknes (1969) connected 
negative SO phases with El Niño occurrences episodes of 
amplified seasonal ocean surface warming in the eastern 
equatorial Pacific and coastal Peru (Fig. 1.3a). Subsequently, 
the El Niño—Southern Oscillation (ENSO) was observed 
to be a powerful, demonstrably coupled tropical ocean-at-
mosphere variability with a global set of climate impacts. In 
recent years, ENSO events were separated into canonical 
(Eastern Pacific) and Central Pacific ENSO events (a.k.a. 
“Modoki”, Fig. 1.3b; see Ashok et al. 2007).

Walker (1924) also noticed a smaller-scale (compared 
to the SO) seesawing surface pressure between the 
Azores and Iceland (Fig. 1.3c) and named it the North 
Atlantic Oscillation (NAO; Stephenson et al. 2003). A 
positive phase of the NAO strengthens the Atlantic storm 
track and moves it northward, resulting in warm and wet 
European winters, and cold and dry winters in Greenland 
and northeastern Canada. In the negative phase the storm 
track is weaker and more eastward in direction, resulting in 
wetter winters in southern Europe and the Mediterranean 
and a colder northern Europe (Hurrell et al. 2003).

Traditionally, indices of climate variability were defined 
as linear combinations of seasonally-averaged anomalies 
from meteorological stations chosen in the proximity of 
maxima and minima of the target pattern. Since gridded 
fields of climate variables are now available, appropriate 
regional averages often replace station data. The stron-
gest teleconnections in a climate field are also identified 
by pairs of grid points with the strongest anti-correlation 
(Wallace and Gutzler 1981). Table 1.1 defines the most 
prominent modes of largescale climate variability and the 
various indices used to define them; changes in these 
indices are associated with large-scale changes in climate 
fields. With some exceptions, indices included in Table 1.1 

generally have been (1) used by a variety of authors and (2) 
defined relatively simply from raw or statistically analyzed 
observations of a single surface climate variable, so that 
observational datasets longer than a century exist.

Climate variability modes sometimes force other 
modes of climate variability. For example, a principal 
component analysis of the North Pacific sea surface 
temperature (SST) anomaly field (20°N–70°N), relative 
to the global mean, gives a pattern and index of the Pacific 
Decadal Oscillation (PDO; Mantua et al. 1997; Zhang et 
al. 1997), illustrated in Fig. 1.3d. It is different from ENSO 
but thought to be connected to it through atmospheric 
bridges and/or internal oceanic wave propagation (New-
man et al. 2003; Newman 2007; Schneider and Cornuelle 
2005). Despite being defined with Northern Hemisphere 
data only and being similar to the simple mean sea level 
pressure-based North Pacific Index (NPI; Trenberth and 
Hurrell 1994), the PDO index captures well variability in 
both hemispheres and is similar to the Interdecadal Pacific 
Oscillation (IPO; Folland et al. 1999; Power et al. 1999).

Principal component analysis of the entire Northern 
Hemisphere extratropical sea level pressure field identifies 
a leading mode known as the Northern Annular Mode 
(NAM) or Arctic Oscillation (AO), which turns out to be 
very similar to the NAO (Thompson and Wallace 1998, 
2000). The Pacific North American pattern (PNA; Fig. 
1.3e) also appears as one of the leading variability patterns 
in the Northern Hemisphere. A Southern Hemisphere 
analogue of the NAM is the Southern Annular Mode 
(SAM, Fig. 1.3f), also referred to as the Antarctic Oscilla-
tion (AAO), calculated using mean sea level pressure, 850 
hPa, or 750 hPa geopotential height in the extratropical 
Southern Hemisphere (Gong and Wang 1999; Thompson 
and Wallace 2000).

Atlantic Ocean meridional circulation is affected by 
the Atlantic Meridional Oscillation (AMO; Fig. 1.3g), 
which is indexed by the average Atlantic Ocean SST 
from which the long-term trend is removed (Enfield et 
al. 2001; Trenberth and Shea 2006). Regional modes of 
tropical climate variability were identified in Atlantic and 
Indian Oceans: Atlantic Niño mode and tropical Atlantic 
meridional mode, Indian Ocean Basin Mode, and Indian 
Ocean Dipole mode (Fig. 1.3h-k). These modes dominate 
SST variability in these regions (Deser et al. 2010). The 
“Cold Ocean-Warm Land” (COWL, Fig. 1.3l) variability 
is not thought to represent a “true” climate variability 
mode (Wallace et al. 1995) but has proved very useful for 
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interpreting variations in the hemispheric-scale surface 
temperature means (Thompson et al. 2008).

The multiplicity of indices defining the same climate 
phenomenon arises because no index can achieve a per-
fect separation of a target phenomenon from all other 
effects in the real climate system [e.g., see Compo and 

Table 1.1: Established indices of climate variability with global or regional influence.

Climate  
Phenomenon

Index name Index Definition Primary  
References

Characterization /  
Comments

El Niño – Southern 
Oscillation (ENSO) 
- canonical, Eastern 
Pacific ENSO 

NINO3 SST anomaly averaged 
over

(5°S–5°N, 150°W–90°W)

Cane et al. 
(1986);  
Rasmusson and 
Wallace (1983)

Traditional SST-based ENSO 
index

NINO3.4 SST anomaly averaged 
over

(5°S–5°N, 170°W–120°W)

Trenberth 
(1997)

Used by NOAA to define El 
Niño/La Niña events. Detrend-
ed form is close to the 1st PC of 
linearly detrended global field of 
monthly SST anomalies (Deser 
et al. 2010)

Cold Tongue 
Index (CTI)

SSTA (6°N–6°S, 180°–
90°W) minus global mean 
SSTA

Deser and 
Wallace (1990) 

Matches “cold tongue” area, 
subtracts effect of the global 
average change

Troup SOI Standardized for each 
calendar month MSLP 
difference: Tahiti minus 
Darwin, x10

Troup (1965) Used by Australian Bureau of 
Meteorology

SOI Standardized difference of 
standardized MSLP anoma-
lies: Tahiti minus Darwin

Trenberth 
(1984)

Maximizes signal to noise ratio 
of linear combinations of Dar-
win/Tahiti records 

Darwin SOI Standardized Darwin 
MSLP anomaly

Trenberth and 
Hoar (1996)

Introduced to avoid use of the 
Tahiti  record, considered suspi-
cious before 1935.

Equatorial SOI  
(EQSOI)

Standard difference of 
standard MSLP anomalies 
over equatorial (5°S–
5°N) Pacific Ocean; east 
(130°W–80°W) minus 
west (90°E–140°E)

Bell and Halpert 
(1998)

Central Pacific El 
Niño (Modoki)

El Niño Modoki 
Index (EMI)

SSTA: [165°E–140°W, 
10°S–10°N] minus 
½[110°W–70°W, 15°S–
5°N] minus ½[125°E–
145°E, 10°S-20°N]

Ashok et al. 
(2007)

A recently identified ENSO vari-
ant: Modoki or Central Pacific 
El Niño (non-canonical)

Sardeshmukh (2010) discussion for the ENSO case]. As a 
result, each index is affected by many climate phenomena 
whose relative contributions change with time periods and 
data used. Limited length and quality of observational re-
cord compounds this problem. Thus the choice of indices 
is always application specific.



S22 june 2011|

Climate  
Phenomenon

Index name Index Definition Primary  
References

Characterization /  
Comments

Pacific Decadal and 
Interdecadal Vari-
ability

Pacific Decadal 
Oscillation 
(PDO)

1st PC of the N. Pacific 
SST anomaly field (20°N–
70°N) with subtracted 
global mean

Mantua et al. 
(1997); Zhang 
et al. (1997)

Intedecadal Pa-
cific Oscillation 
(IPO)

The 3rd EOF3 of the 
13-year low-pass filtered 
global SST, projected 
onto annual data

Folland et 
al. (1999); 
Power et al. 
(1999)

North Pacific 
Index (NPI)

SLP (30°N–65°N, 
160°E–140°W)

Trenberth 
and Hurrell 
(1994)

North Atlantic 
Oscillation 

Lisbon/Ponta 
Delgada-Styk-
kisholmur/ 
Reykjavik  
North Atlantic 
Oscillation 
(NAO) Index

Lisbon/Ponta Delgada 
minus Stykkisholmur/ 
Reykjavik standardized 
MSLP anomalies                    

Hurrell 
(1995)

A primary NH teleconnec-
tion both in MSLP and Z500 
anomalies (Wallace and 
Gutzler 1981); one of rotated 
EOFs of NH Z500 (Barnston 
and Livezey 1987) . MSLP 
anomalies can be monthly, 
seasonal or annual averages. 
Each choice carries to the 
temporal resolution of the 
NAO index produced that 
way.

Gibraltar - 
Reykjavik NAO 
Index

Gibraltar minus Reykja-
vik standardized MSLP 
anomalies

Jones et al. 
(1997)

PC-based NAO 
Index

Leading PC of MSLP 
anomalies over the 
Atlantic sector (20°N–
80°N, 90oW–40oE)

Hurrell 
(1995)

Annular modes: 
Arctic Oscillation 
(AO), a.k.a. North-
ern Annular Mode 
(NAM) Index and  
Antarctic Oscilla-
tion (AAO), a.k.a. 
Southern Annular 
Mode (SAM) Index

PC-based AO 
index

1st PC of the monthly 
mean MSLP anomalies 
poleward of 20°N

Thompson 
and Wallace 
(1998, 2000)

Closely related to the NAO 

PC-based AAO 
index

1st PC of 850hPa or 
700hPa height anomalies 
south of 20oS

Thompson 
and Wallace 
(2000)

Grid-based 
AAO index: 
40°S–65°S dif-
ference

Difference between 
normalized zonal mean 
MSLP at 40°S and 
65°S, using gridded SLP 
analysis

Gong and 
Wang (1999)

Grid-based 
AAO index: 
40°S–70°S dif-
ference

Same as above but uses 
latitudes 40°S and 70°S

Nan and Li 
(2003)

Station-based 
AAO index: 
40°S–65°S 

Difference in normal-
ized zonal mean MSLP 
at 40°S and  65°S, using  
station data

Marshall 
(2003)

cont. Sidebar 1.1: PATTERNS AND INDICES OF CLIMATE  
VARIABILITY—A. Kaplan
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Climate  
Phenomenon

Index name Index Definition Primary  
References

Characterization /  
Comments

Pacific/North 
America (PNA) 
atmospheric tele-
connection  

PNA pattern 
index

¼[Z(20°N, 160°W) 
- Z(45°N, 165°W) 
+ Z(55°N, 115°W) - 
Z(30°N, 85°W)], Z is 
the location’s  standard-
ized 500 hPa geopoten-
tial height anomaly

Wallace 
and Gutzler 
(1981)

A primary NH teleconnec-
tion both in MSLP and Z500 
anomalies

Atlantic Ocean 
Themohaline circu-
lation

Atlantic Multi-
decadal Oscil-
lation (AMO) 
index

10-yr running mean of 
de-trended Atlantic 
mean SST anomalies 
(0°–70°N)

Enfield et al. 
(2001)

Called “virtually identical” to 
the smoothed first rotated N. 
Atlantic EOF mode 

Revised AMO 
index

As above, but subtracts 
global mean anomaly 
instead of de-trending

Trenberth 
and Shea 
(2006)

Tropical Atlantic 
Ocean non-ENSO 
variability

Atlantic Niño 
Index, ATL3

SSTA (3°S–3°N, 
20°W–0°)

Zebiak 
(1993)

Identified  as the two leading 
PCs of detrended tropical 
Atlantic monthly SSTA (20°S–
20°N): 38% and 25% variance 
respectively for HadISST1, 
1900–2008 (Deser et al. 
2010)

Atlantic Niño 
Index, PC-
based

1st PC of the detrended 
tropical Atlantic monthly 
SSTA (20°S–20°N)

Deser et al. 
(2010)

Tropical Atlan-
tic Meridional 
Mode (AMM)

2nd PC of the detrended 
tropical Atlantic monthly 
SSTA (20°S–20°N)

Tropical Indian 
Ocean non-ENSO 
variability

Indian Ocean 
Basin Mode 
(IOBM) Index

The 1st PC of the IO de-
trended SST anomalies 
(40°E–110°E, 20°S–
20°N)

Deser et al. 
(2010)

Identified as the two leading 
PCs of detrended tropical 
Indian Ocean monthly SSTA 
(20°S–20°N): 39% and 12% of 
the variance, respectively, for 
HadISST1, 1900–2008 (Deser 
et al. 2010)

Indian Ocean 
Dipole mode 
(IODM), PC-
based index

The 2nd PC of the 
IO detrended SST 
anomalies (40°E–110° E, 
20°S–20°N)

Indian Ocean 
Dipole Mode 
Index (DMI)

SST anomalies: 50°E–
70°E, 10°S–10°N)-
(90°E–110°E, 10°S–0°) 

Saji et al. 
(1999)

Cold Ocean 
– Warm Land 
(COWL) Variability

COWL Index Linear best fit to the 
field of deviations of NH 
temperature anomalies 
from their spatial mean; 
the COWL pattern 
itself is proportional to 
the covariance pattern 
of the NH spatial mean 
with these deviations. 

Wallace et 
al. (1995); 
Thompson et 
al. (2008)

Useful for removing some 
effects of natural climate vari-
ability from spatially averaged 
temperature records.
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cont. Sidebar 1.1: PATTERNS AND INDICES OF CLIMATE  
VARIABILITY—A. Kaplan

Fig. 1.3. Selected indices of climate variability, as specified in Table 2.3, for the period 1880–2010, grouped 
into categories: (a) Canonical El Nino-Southern Oscillation (ENSO); (b) the Modoki variant of ENSO; 
(c) Northern Hemisphere oscillations (NAO, AO, NAM) for the boreal cold season; (d) indices of Pacific 
Interdecadal Variability; (e) Pacific-North American indices for the boreal cold season; (f) Southern 
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cont. Sidebar 1.1: PATTERNS AND INDICES OF CLIMATE  
VARIABILITY—A. Kaplan

Hemisphere oscillations (SAM, AAO) for the austral cold season; (g) Atlantic Meridional Oscillation in-
dex; (h) Atlantic Niño Mode indices; (i) Tropical Atlantic Meridional Mode Index; (j) Indian Ocean Basin 
Mode Index; (k) Indian Ocean Dipole indices; and (l) Cold Ocean—Warm Land pattern. Unless otherwise 
noted in their panel, 13-month running means of monthly data are shown. 
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Summer in Russia was the warmest such period on 
record, with a temperature anomaly of +1.8°С (Fig. 
7.38). It was particularly warm in central and southern 
European Russia, where the seasonal temperature 
anomaly was +4.1°С. 

In June, positive temperature anomalies prevailed 
over the Russian territory. In European Russia, a heat 
island formed over the Volga region and the Southern 
Urals, where average daily air temperatures were 
7°C–11°С above normal; maximum daily tempera-
tures reached 33°C–38°С. On 25 June, a maximum 
temperature record was also set in Moscow, 32.8°С. 
In southern Siberia, strong heat with maximum 
temperatures of 33°C–43°С persisted throughout the 
third ten-day period of the month. In Chita and most 
other cities of the region, record daily maximum tem-
peratures were observed. June temperature records 
were also broken in many southern regions of the 
Far East. On 9 June, the temperature in Vladivostok 

reached 29.9°С, which is more than 3°С above the 
record previously set in 1969. Such weather is atypical 
for early summer in the Maritime Territory, where  
the weather is usually dull, moist, and cool, due to 
monsoon effects.

July 2010 became the hottest July on record in 
Russia, despite the fact that over much of the country 
(Urals and Western Siberia) it was substantially colder 
than normal. For an extended period, most regions in 
European Russia experienced extreme heat due to a 
stationary anticyclone that brought hot air from Cen-
tral Asia. Nearly every day brought new temperature 
records. Abnormally hot weather settled in northern 
and eastern Yakutia on 1–5 July, with average daily 
temperatures 8°C–12°С above normal. On 4 July, a 
new daily record maximum temperature of 30.6°C 
was established in Oimyakon. A record maximum 
temperature of 32°С was set on 19 July in the north 
of Kamchatka. Western Siberia was the only Russian 

Fig. 7.39. Weather conditions for Russia in February 2010, showing (a) air temperature anomalies. 
Insets show the series of average monthly air temperatures and average daily temperatures during 
February at meteorological stations Hoseda-Hard and Tol’ka and (b) percentage of monthly precipita-
tion totals. Insets show monthly precipitation total series and daily precipitation during February at 
meteorological stations Smolensk and Ayan. 
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region where average monthly July temperature was 
below normal. In Surgut, a new record minimum 
temperature of 3.5°C was established on 20 July.

During the first half of August, most of European 
Russia experienced abnormally hot weather. However, 
the heat island that formed above central European 
Russia in July moved slightly southward. In the third 
ten-day period of August, high temperatures declined 
in central and eastern European Russia and the first 
frosts were recorded in the Urals, Upper Volga, and 
Northwestern regions (see Sidebar 7.8 for further 
details about this heat wave). 

In September, maximum average monthly tem-
perature anomalies were recorded in Chukotka 
(4°C–5°С). Average monthly temperatures over 
European Russia were above long-term averages. 
In the third ten-day period, the Urals region was in 
the warm rear part of the anticyclone that moved to 
Kazakhstan. Therefore, sunny and dry weather pre-
vailed. Temperatures reached 25°C–28°С, which was 
7°C–10°С above normal, resulting in new maximum 
temperature records. 

October in the Urals region, Western Siberia, 
Chukotka, and Kamchatka was very warm. In the 
Altai Territory, maximum temperatures reached 
13°C–15°С. October was colder than the long-term 
average over most of European Russia (except for 
northern and northeastern European Russia). In early 
October, an extensive cold anticyclone led to new 
daily minimum temperature records in Tver, Tula, 
Saratov, and other cities. In most of the Upper Volga 
regions, snow cover formed ten or more days earlier 
than their respective long-term averages. 

November was abnormally warm over most of 
the Russian area. The first half of the month was 
particularly warm over most of European Russia and 
southern Western Siberia. In many cities (Smolensk, 
Tver, Vladimir, Kostroma, Nizhni Novgorod, Izhevsk, 
Cheboksary, Bryansk, Kursk, and Lipetsk), new tem-
perature records were set. Warm and moist Atlantic 
air masses moving to Siberia over European Russia 
brought warm rainy weather to southern Western 
Siberia. On the last days of the month, cold Arctic air 
masses over European Russia transported warm air 
southward and genuine winter came to the central 
regions. In late November, winter weather also settled 
in northern Western Siberia. The Taimyr Peninsula 
and Evenkia experienced hard frosts in the third ten-
day period of the month (-40°C to -47°С). 

A large cold island formed over the Russian ter-
ritory in December. The island had two centers, one 
of which was located above northwestern European 

Russia and the other above central Eastern Siberia. 
Average monthly air temperature anomalies were 
-6°C to -7°С and -8°C to -10°С, respectively. Decem-
ber was warm in southern European Russia, with 
average monthly temperature anomalies greater than 
+7°C to +8°С in individual regions. On the Black Sea 
coast, daily temperatures rose as high as 25°С. In the 
North Ossetia valleys, tree buttons swelled and roses 
bloomed and in some villages, strawberries bloomed. 
On 26 December, the temperature in Stavropol 
reached 17.1°С, breaking the record previously set in 
1954 by 6°С. A more extensive warm island formed 
over the northeastern Far East. Average monthly 
temperature anomalies were more than +10°С. At 
meteorological station Omolon, the average monthly 
temperature was -23.1°С, compared with the normal 
value -35.8°С.

(ii) Precipitation
Precipitation over Russia was generally near nor-

mal (80%–120%) for 2010 as a whole. Above-normal 
precipitation was recorded in northwestern Euro-
pean Russia and in some areas of southern Siberia 
(120%–140%). Precipitation deficit was recorded in 
central European Russia (< 80%).

In February, a precipitation deficit was recorded in 
northeastern European Russia and northern Western 
Siberia due to prevailing anticyclones. Western and 
southern European Russia received considerably more 
precipitation, more than twice the monthly average in 
some places. Smolensk (Fig. 7.39b) received 90 mm of 
precipitation, compared with the normal value of 35 
mm—the highest February precipitation on record 
since 1885. The southern Far East also received much-
above-normal precipitation. At some stations, record-
breaking monthly precipitation totals were observed.

In March, much-above-normal precipitation 
(more than two to three times the respective monthly 
averages) was recorded in Northern Caucasia and in 
southern Western Siberia. In May, much-below-nor-
mal precipitation was recorded in eastern European 
Russia and in the northeastern Far East.

Central and southern European Russia experienced 
a substantial rainfall deficit in June. During the last 
ten-day period of June, the Central and Volga Federal 
areas, as well as Lower Volga received no or a few mil-
limeters of rainfall. In July, a precipitation deficit was 
registered in European Russia (4%–40% of monthly 
normal). In August, precipitation deficit was regis-
tered over the area from the Upper Volga region to 
the southern regions in European Russia. During this 
month, drought spread farther south: Rostov Region, 
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Krasnodar and Stavropol Territories, and republics 
of Northern Caucasia. The southern part of Western 
Siberia received below-normal precipitation.

In September, much-above-normal precipitation 
(more than three to four times the monthly averages) 
was recorded in the east of Russia (Kamchatka, Chu-
kotka, and eastern Yakutia). In October, southern Eu-
ropean Russia received above-average precipitation, 
especially the Astrakhan Region and the Republic 
of Kalmykia, where the monthly precipitation totals 
were three to five times higher than normal. 

In December, much-above-normal precipitation 
was recorded in some regions of the Far East. Monthly 
rainfall was four to five times higher than normal in 
many locations. Petropavlovsk-Kamchatsky was in-
undated with heavy rains throughout the first half of 
the month (high temperatures turned snow into rain). 
On 9 and 11 December, daily precipitation records 
were set and the monthly precipitation total, 446.3 
mm, was the highest on record for December at the 
station. Heavy snowfalls in the southern Far East were 
the highest amounts recorded in the past 60 years. At 
many stations, monthly precipitation was four to five 
times higher than normal. 

(iii) Notable events
Due to heavy snowfalls, avalanche-hazardous 

conditions and human-induced avalanching were 
recorded in the mountains of Northern Caucasia in 
February.

In March, in the third ten-day period, spring 
floods were recorded on the rivers in southern Euro-
pean Russia. Due to significant snow accumulation 
during the winter, despite preventive measures taken, 
a very complex hydrological situation 
existed on the rivers of the Voronezh, 
Volgograd, and Rostov regions (e.g., 
Don, Medveditsa, Khoper, Ilovlya, 
and Chir). In places, water levels rose 
to six to seven meters, which resulted 
in the inundation of many houses and 
evacuation of residents.

Due to large snow accumulation, 
torrential spring floods were recorded 
in May in Western Siberia. Particu-
larly complex hydrological situations 
existed on the Ob, Chaya, Chulym, Pe-
schanaya, and Tom rivers. Break-up of 
the Tom River in the vicinity of Tomsk 
was accompanied by ice clogging with 
an abrupt water level rise. 

In the first ten-day period of May, 

abnormally hot weather settled central European 
Russia; maximum daily temperatures reached 
28°C–31°С. As a result, the area experienced hot 
winds and extreme fire hazards. Forest fires were 
registered in the Lipetsk and Tambov regions.

In June, hot weather, combined with significant 
rainfall deficits and strong hot winds, contributed to 
severe soil moisture deficits and drought conditions. 
Abnormally hot and dry weather gave rise to extreme 
fire hazards in central European Russia. In the last 
ten-day period it was very hot in the Altai Territory, 
where temperatures reached 36°C in places. Hot winds 
and soil drought were observed in the northern Altai 
Territory and steppe areas of the Kemerovo Region. 
Hot and dry weather contributed to forest fires.

In July, a combination of abnormally hot weather 
and substantial rainfall deficit (4%–40% of monthly 
normal) observed in many regions resulted in damage, 
crop destruction, and forest fires over vast areas. 

In August, extreme fire hazards persisted and 
forests and peat bogs were still on fire. During the 
first days of August, dense smog wrapped Moscow, 
Ryazan, and other cities. A fire that engulfed the 
roads and led to zero visibility brought traffic along 
highway Moscow-Chelyabinsk to a standstill and 
disturbed railroad movement. 

Heavy rains (47 mm–93 mm) that occurred on 
15–16 October in the Apsheron and Tuapse Regions 
of the Krasnodar Territory caused an abrupt water 
level rise on local rivers (3.40 m–9.16 m). Fifteen 
people were killed.

Freezing rain was observed in central regions of 
European Russia on 25–26 December. Operations at 
large Moscow airports were brought to a standstill 

Fig. 7.40. Annual mean temperature anomalies (°C; 1971–2000 base pe-
riod) over East Asia in 2010. (Source: Japan Meteorological Agency.)
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owing to ice glaze and hundreds of settlements in the 
Smolensk, Moscow, and Nizhniy Novgorod Regions 
lost their electricity supply.

2) East Asia—P. Zhang, Y. Liu, and H. Ishihara
Countries considered in this section include: 

China, Korea, Japan, and Mongolia. 

(i) Overview
Annual mean temperatures across East Asia 

showed a nonuniform pattern in 2010 (Fig. 7.40), 
with negative anomalies over southern and north-
ern China and the Korean Peninsula, and positive 
anomalies over Japan, central China, and parts of 
Mongolia. Annual total precipitation was near normal 
in most regions (Fig 7.41).

(ii) Temperature
The average temperature over China for 2010 was 

9.5°C, 0.7°C above the 1971–2000 average, ranking as 
the 10th warmest year since 1961 and the 14th con-
secutive above-average year since 1997. Annual mean 
temperatures for 2010 were above normal over most of 
China except central and southern Northeast China, 
some part of eastern North China, and northern Xin-
jiang, and 1°C–2°C above normal in Northwest and 
Southwest China. Seasonal mean temperatures were 
higher than normal in all seasons of 2010, except for 
spring. The seasonal surface temperature anomalies 
over China were 0.7°C, -0.1°C, 1.1°C, and 1.0°C for 
winter, spring, summer, and fall respectively. The 
spring temperatures in China were below normal for 

the first time since 1997. However, 
the summer was the warmest since 
1961. In 2010, the annual mean 
number of hot days (daily maxi-
mum temperature ≥ 35°C) all over 
China was 11.1 days, 4.1 days more 
than normal and ranked the highest 
frequency since 1961.

The average surface tempera-
ture over Japan (averaged over 17 
observatories confirmed as being 
relatively unaffected by urbaniza-
tion) in 2010 was 0.86°C above the 
1971–2000 average, making 2010 
the fourth warmest year since 1898. 
Area-averaged annual mean tem-
perature anomalies were +1.0°C in 
northern Japan, +1.0°C in eastern 
Japan, +0.8°C in western Japan, and 
+0.4°C in Okinawa/Amami. In 2010, 

Japan experienced the hottest summer in more than 
100 years. The three-month mean temperature for 
June–August in Japan was the highest in the histori-
cal record held by Japan Meteorological Agency that 
dates back to 1898, 1.64°C above the 1971–2000 aver-
age. In particular, August was so warm that monthly 
mean temperature records for August were broken at 
77 out of 144 observatory stations in Japan.

(iii) Precipitation
The mean annual precipitation averaged across 

China was 681.0 mm, 11.1% above normal, which 
ranked the second highest since 1961 (highest was 14% 
above normal in 1998). Moreover, the precipitation in 
each season was above normal, especially in spring, 
which ranked the second highest since 1961. The an-
nual number of rainstorm days were 21.5% more than 
normal and ranked the third highest since 1961. The 
rainstorms occurred mainly in southern Northeast 
China, middle and lower reaches of Huanghe River 
and Yangtze River Basin, and South China.

In 2010, there were frequent extreme weather and 
climate events caused by extreme precipitation. As 
a result of receiving 30% to 80% less-than-normal 
precipitation from September 2009 to March 2010, 
Southwest China experienced a rare severe autumn-
winter-spring drought. During January–March, the 
most serious snowstorm struck northern Xinjiang, 
with 36 days and 94.8 mm of average precipitation, 
breaking the previous historical record. From May 
to July, heavy rainstorms struck southern China 14 
times, bringing 800 mm–1200 mm accumulated 

Fig. 7.41. Annual precipitation ratio as percentage of normal (1971–
2000 base period) over East Asia in 2010. (Source: Japan Meteorologi-
cal Agency.)
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precipitation in some areas from south of the Yangtze 
River to southern China. From mid-July to early-Sep-
tember, severe rainstorms and induced flooding also 
struck northern and western China 10 times. From 1 
to 19 October, seldom-consecutive heavy rainstorms 
appeared in Hainan where the regionally-averaged 
precipitation was 1060 mm, ranking highest since 
1951. Serious geological hazards such as mountain 
torrents and mud-rock flow occurred in Zhouqu of 
Gansu province and other isolated places. 

In Japan, due to cold spells, many parts on the Sea 
of Japan side of the country were hit by heavy snow 
during the first half of January and the first ten days 
of February. In early February, Niigata, on the Sea 
of Japan side in eastern Japan, received up to 81 cm 
of snow, the deepest since a fall of 87 cm during the 
1983/84 winter. Since cyclones and fronts frequently 
passed near the mainland of Japan, seasonal pre-
cipitation amounts were significantly above normal 
in northern, eastern, and western Japan in spring. 
Seasonal precipitation was significantly above normal 
on the Sea of Japan side in northern Japan due to the 
influences of fronts in summer. Seasonal precipitation 
amounts were significantly above normal in Okinawa/
Amami in autumn.

The South China Sea summer monsoon (SCSSM) 
broke out in the fifth pentad of May (near normal) 
and withdrew in the fifth pentad of October (five pen-
tads later than normal). The intensity of the SCSSM 
was -3.9, which was the weakest year since 1951. The 
SCSSM was much weaker than normal as a whole 
except for two periods: one from the fifth pentad of 
May to the first pentad of June and one during the 
first two pentads of September. After the full onset 
of the SCSSM, the front of the East Asian subtropi-
cal summer monsoon (EASSM) maintained over the 
region from South China to the south of the Yangtze 
River from the fifth pentad of May to June. In the 
first pentad of July, the front of the EASSM advanced 
to a region from the middle and lower reaches of the 
Yangtze River to the Yangtze-Huaihe River basins. 
With the northward movement of the monsoon 
surges and the subtropical high over the western 
North Pacific, the major rain belt in eastern China 
correspondingly moved northward. In June, the rain 
belt was mainly located in the south of the Yangtze 
River. From the first to third pentad of July, the major 
rain belt advanced to the middle and lower reaches 
of the Yangtze River. From the fourth to fifth pentad 
of July, the rain belt continued to move northward, 
with a large area of rainfall in the Yangtze-Huaihe and 
Yellow-Huaihe river basins. In fifth pentad of August, 

the front of the EASSM advance to North China and 
then North China entered the rainy season. In the 
second pentad of September, with the ridge of the 
subtropical high retreating southward, the rain belt 
in eastern China shifted from southern Northeast 
China and North China to southern North China 
and the Huanghe-Huaihe River basins. During late 
September, the warm and wet air swiftly retreated 
southward to regions south of 25°N. Due to the ac-
tive tropical storm systems during this period, the 
warm and wet air remained there about one month, 
which resulted in persistent precipitation over South 
China and the South China Sea. In the fifth pentad of 
October, with the cold and dry air from North China 
intruding to the coastal areas and the northern South 
China Sea, thermodynamic properties of the air mass 
over the South China Sea changed. The front of sum-
mer monsoon then began to withdraw from the South 
China Sea and the SCSSM ended. 

(iv) Notable events
There were 14 named tropical cyclones formed 

over the western North Pacific and the South China 
Sea in 2010, significantly less than the 1971–2000 
average frequency of 26.7 and the lowest number 
since 1951. Super Typhoon Megi developed inten-
sively with a central surface pressure less than 900 
hPa. After hitting the Philippines, the storm turned 
northward in the South China Sea, causing damage 
to southern China and Taiwan. From November to 
December, for the first time since 1951, no named 
tropical cyclones formed in this region (see section 
4d4 for further details on the 2010 western North 
Pacific hurricane season).

In early May, the strongest wind and hail storms 
of the past 20 years occurred in Chongqing China, 
with local maximum wind speed more than 108 km 
hr-1, and causing heavy casualties. 

In spring 2010, China was affected by 16 dust and 
sand storms, which was below the normal frequency 
for 1971–2000 but more than the 2000–09 decadal 
average of 12.7. The average number of dust days 
in northern China was 2.5 (3.1 days less than the 
1971–2000 average). During 19–22 March, a strong 
dust storm affected 21 provinces in China, which was 
the widest influence in 2010. 

Meanwhile, Kosa (yellow sand/aeolian dust) events 
were observed at 58 of 61 stations in Japan on 21 
March 2010, marking the highest number on record. 
Also significant in 2010 were new records set in May, 
November, and December in terms of the number of 
days when any meteorological station in Japan ob-
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served Kosa. There were 41 days in which any 
meteorological station in Japan observed Kosa 
in 2010, nearly double the normal number (20.1 
days). A cumulative total of 526 observations of 
Kosa were made in 2010, more than triple the 
average of 153.9.

3) South Asia—M. Rajeevan, A. K. Srivastava, Z. 
Lareef, and J. Revadekar

(i) Temperatures
South Asia continued to experience unusu-

ally warm temperatures in 2010. The summer 
months of March, April, and May were char-
acterized by abnormally high temperatures 
over northern/northwestern parts of India 
and Pakistan with many days of extreme heat 
wave conditions. 

The annual mean temperature for India 
was 0.93°C above the 1961–90 average, making 2010 
the warmest year on record since nationwide records 
commenced in 1901 (Fig. 7.42). This superseded the 
previous five warmest years, which have all occurred 
since the turn of the century: 2009 (+0.92°C), 2002 
(+0.71°C), 2006 (+0.60°C), 2003 (+0.56°C), and 2007 
(+0.55°C). Mean monthly temperature anomalies over 
the country as a whole were the highest for March 
(+2.27°C), April (+2.02°C), and November (+1.17°C), 
and the second highest for May (+1.17°C), since 
records began in 1901. The recent decade (2001–10) 
was the warmest decade on record over India with a 
decadal mean temperature anomaly of +0.60°C.

(ii) Precipitation
The summer monsoon season (June–September) 

contributes 60%–90% of the annual rainfall over ma-
jor portions of South Asia. During the 2010 monsoon 
season, while India, Pakistan, and Sri Lanka expe-
rienced above-normal rainfall activity, Bangladesh 
experienced its driest monsoon since 1994. 

For India, the long-
term average (LTA) value 
of the summer monsoon 
rainfall, calculated us-
ing all data from 1941 
to 1990, is 890 mm. For 
2010, the summer mon-
soon seasonal rainfall 
over India was 102% of 
its LTA. During the sea-
son, the monsoon trough 
(an east-west elongated 
area of low pressure) was 

mostly located south of its normal position and 
monsoon low pressure systems moved south of their 
normal tracks. This resulted in an uneven spatial dis-
tribution with above-normal rainfall over peninsular 
and northwest India and deficient rainfall over central 
and northeastern parts of India (Fig. 7.43). Consistent 
with the recent decreasing trend of the frequency of 
monsoon depressions over the Indian Ocean, none of 
the 14 low pressure systems formed over the Bay of 
Bengal intensified into a monsoon depression. 

The monsoon advanced into southern parts of In-
dia on 31 May, close to its normal schedule. However, 
formation of Tropical Cyclone Phet over the Arabian 
Sea disrupted the northward progress of the monsoon 
and caused a prolonged hiatus of about two weeks. 
The slow progress in the monsoon advancement re-
sulted in a rainfall deficiency of 16% for June over the 
country. However, the rainfall activity in July, August, 
and September months was normal with monthly 
rainfall of 103%, 105%, and 110% of LTA respectively. 
During the season, of the 36 meteorological subdivi-

Fig. 7.42. Annual mean temperature anomalies (with respect 
to 1961–90 normal) averaged over India for the period 1901–
2010. The smoothed time series (9-point binomial filter) is 
shown as a continuous line.

Fig. 7.43. Spatial distribution of 2010 monsoon seasonal (June–September) 
rainfall (mm) over India.
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sions, 14 received excess rainfall, 17 received normal 
rainfall, and the remaining five subdivisions received 
deficient rainfall. 

Pakistan, which is at the western edge of the pluvial 
region of the South Asian monsoon, experienced the 
worst flooding in its history as a result of exception-
ally heavy monsoon rains (Fig. 7.41). The flooding was 
caused by a major rain spell from 28 to 29 July, when 
the rainfall totals exceeded 120 mm over a large area 
of northern Pakistan. There were additional heavy 
rains further south from 2 to 8 August (Webster et al. 
2011). During the following days, flooding extended 
through the entire Indus Valley, leaving behind a 
wake of devastation and destruction. The death toll 
was close to 2000 and over 20 million people were af-
fected. The agricultural losses were estimated at more 
than $500 million (U.S. dollars). Over the northwest 
and central parts of the country, the seasonal rainfall 
was more than 75% above normal. The total mon-
soon seasonal rainfall in 2010 was the fourth highest 
on record and the highest since 1994. These heavy 
rainfall events over Pakistan could be attributed to 
an interaction of extended monsoon f low and an 
upper level trough in the westerly jet stream. The 
persistent trough in the jet stream associated with the 
upper-layer blocking pattern over West Asia caused 
strong upper-layer divergent flow and ascent of warm 
and moist surface air. Near the surface, the monsoon 
easterly winds extended unusually far along the Hi-
malayan foothills into northern Pakistan.

Since the monsoon trough was mostly located 
south of its normal position, the rainfall activity was 
subdued over Bangladesh. The monsoon season typi-
cally brings the country more than 75% of its annual 
rainfall. In 2010, Bangladesh experienced one of the 
driest monsoon seasons since 1994, with the seasonal 
rainfall about 19% less than the 30-year long term 
average rainfall. 

The northeast monsoon (NEM) contributes 30%–
50% of the annual rainfall over southern peninsular 
India and Sri Lanka as a whole. Over south penin-
sular India, active monsoon conditions continued 
unabated during the NEM season also. Above-normal 
rainfall activity over the region was associated with 
the presence of an active Intertropical Convergence 
Zone (ITCZ) across the region and formation of five 
low pressure systems (two severe cyclonic storms, 
two depressions, and one low pressure area) over the 
warm waters of the south Bay of Bengal. The 2010 
NEM seasonal rainfall over south peninsular India 
was significantly above normal (155% of LTA), which 
is the second highest since 1901, behind 2005. 

Rainfall over Sri Lanka was up to 30% below nor-
mal during January–March, was wetter than normal 
from July to September and, after a dry October, was 
much wetter than normal during November and 
December. The rainfall anomalies during January–
March were typical of anomalies during an El Niño 
episode that prevailed until April 2010 and the wet 
anomaly from June to September was typical of that 
during the La Niña event that commenced in July. 
However, the enhanced rainfall (more than 50% 
above normal) during the main planting season from 
October to December was anomalous but not un-
precedented. During La Niña episodes, there is usu-
ally below-normal rainfall (Zubair and Ropelewski 
2006) but in the 43 La Niña events from 1869 to 1998, 
wet conditions were reported on six occasions. The 
cumulative impact of wet conditions since April led 
to many landslides and floods that intensified to the 
end of the year. 

(iii) Notable Events
Severe cold wave conditions with temperatures 

5°C–10°C below normal prevailed over northern 
parts of India in January and during the first fort-
night of February, claiming more than 600 lives. On 
18 April, Delhi, the capital city of India, recorded its 
highest April temperature (43°C) in nearly 60 years. 
In May, severe heat wave conditions with daytime 
temperatures 4°C–5°C above normal prevailed over 
northern and central parts of India claiming more 
than 300 lives. In Pakistan, record daytime tem-
peratures were reported for several days during the 
last week of May; the heat wave conditions claimed 
at least 18 lives. A maximum temperature of 53.7°C 
was recorded at Mohenjo-daro on 26 May. This was 
the warmest temperature ever recorded in Pakistan 
and possibly the fourth warmest temperature ever 
recorded anywhere in the world. 

On 13 April, a severe convective storm with strong 
winds of more than 26 m s-1 caused widespread dam-
ages in West Bengal and Bihar, claiming more than 
120 lives, and leaving nearly one million people home-
less. The severe cyclonic storm Laila that formed over 
the southeast Bay of Bengal, crossed the Andhra coast 
on 20 May, causing widespread damage and claiming 
the lives of more than 50 people. An unusually heavy 
rainfall event in the early hours of 6 August in Leh 
(Jammu and Kashmir) claimed more than 150 lives 
and more than 500 people were reported missing. 
Rainfall records for India during 2010 are listed in 
Table 7.2. 
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4) Southwest Asia

(i) Iraq—M. Rogers
(A) Temperature

Temperatures in Iraq during 2010 were 2°C–4°C 
above normal. Many locations had above-average 

temperatures every month, with temperatures reach-
ing at least 50°C in many central and southern areas 
during the summer. Figure 7.44 shows the seasonal 
temperature anomalies for three locations.

S.
NO.

Station
24-hr

Rainfall
(mm)

Date
Previous 
record
(mm)

Date of
record 

Year
of

Record

     June

1 N. Lakhimpur 207.8 16 183.0 22 1990

2 Osmanabad 111.2 23 68.2 3 2000

3 Cial Cochi 160.6 13 93.9 6 2004

       July 

1 Phoolbagh 146.2 21 123.6 11 2003

2 Damoh 253.6 26 225.1 18 1973

3 Okha 330.5 27 283.3 10 1973

4 Nandyal 143.2 11 116.0 16 1989

5 Dharmapuri 117.0 9 91.6 12 1989

      August

1 Okha 226.5 3 119.8 11 1981

2 Bhira 380.0 30 350.0 23 1997

3 Osmanabad 149.8 22 85.0 21 2009

4 Arogyavaram 111.0 21 90.0 9 1970

       September

1 Ranchi AP 205.8 12 168.4 28 1963

2 Pant Nagar 117.2 7 105.0 10 1967

3 Bharatpur 107.0 4 91.8 17 1990

4 Dhar 170.8 8 151.0 21 1973

5 Narsapur 115.7 13 88.9 24 1997

6 Mangalore AP 150.2 24 125.5 6 1902

7 Panambur 125.2 24 113.6 26 1998

8 Belgaum (AP) 150.0 24 100.4 20 1981

9 Cochi AP 183.5 24 128.0 28 2009

10 Cial Cochi 108.0 24 77.4 18 2009

Table 7.2. Record rainfall over India during the 2010 monsoon season  
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Winter temperatures, as with the rest of the year, 
were significantly above average, with most locations 
having no frost at all. The airbase at Tallil in the south 
did have a couple of nights where the temperature 
fell below freezing during the late winter but overall 
the season was still above normal. Spring followed 
in a similar pattern with some locations having 
record daytime temperatures. Summer and autumn 
continued to be well above average across most areas 
although temperatures were closer to normal during 
November in the south.

(B) Precipitation

Rainfall over Iraq was well below average across 
all areas for the third consecutive year. The winter 
period, December 2009–February 2010, was the 
wettest part of the year. December 2009 was wetter 
than normal at Mosul but elsewhere, and for the rest 
of the season, it was significantly drier than average. 
Below-average rainfall continued for the rest of the 
year, with the dry summer conditions continuing well 

into the autumn. Mosul received 
above-average rainfall during De-
cember as the 2010/11 winter began 
unsettled in the north while drier-
than-normal conditions continued 
across central and southern areas.

(C) Notable Events

The major event of 2010 was the 
continued drought, especially dur-
ing the autumn. For the third con-
secutive year, below-average rainfall 
had a major effect on the country’s 
agriculture. The drought led to 
falling river levels in the Tigris and 

Euphrates. Further, dust storms occurred more fre-
quently during the year and fog occurred less. 

(ii) Iran—M. Khoshkam and F. Rahimzadeh
(A) Temperature

Warmer-than-average conditions occurred dur-
ing winter 2009/10 (Table 7.3). The highest values 
occurred in parts of northwest including West Azer-
baijan, East Azerbaijan, and Kordestan provinces, 
with anomalies of +5°C with respect to the long-term 
mean. The highest anomalies occurred in Ghorveh, 
Kordestan, with +7°C anomalies. During spring, the 
country experienced temperatures mostly 0°C–2°C 
above the long-term mean; however, in some small 
parts of central Iran, temperature anomalies were 
+2°C to +3°C. And in some isolated areas, mean 
temperatures were up to 0.8°C below average. In the 
summer, a vast area, including some parts of north-
east and central Iran, reported mean temperatures 
that were 0°C–1.7°C below average. The rest of the 
country experienced temperatures 1°C–2°C above 

Parameter                              Season Winter Spring Summer Autumn

Precipitation Average (mm) 75.4 62.9 6.63 19.3

Respect 

to (%) 

 Long term 31% 30% 34% 72%

23% 20% 47% 78%previous
year

Range from–to (mm) 0.5–450.5 0–310 0–324 0–586 

Temperature
Respect to long term 
(°C)

0.5 to 7 -0.8  to 3 -1.7 to 4 -0.5 to 6.5

Range from-to (°C) -1.7–23 8–33 15–41 5–30

Table 7.3. Seasonal amount of precipitation and temperature over Iran 2010. 

*red: above long term, blue: below long term, dashed: mixed below and above long term

Fig. 7.44. 2010 seasonal temperature anomalies (°C) for three Iraqi 
cities compared with 1961–90 normal.
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the long term average, although anomalies of up to 
+4°C were experienced at two stations. In autumn, 
warmer-than-average temperatures persisted across 
the country, while cooler-than-average conditions 
were limited to a small part in the southeast. The 
highest positive anomalies were in the northwest and 
in some parts of the Caspian Sea area, where tempera-
tures were around 2.5°C above the long-term average. 
Khore-Birjand station in eastern Iran recorded a +6°C 
anomaly, while Zahedan in the southeast recorded an 
anomaly of  0.5°C.

Comparing patterns of average seasonal tem-
peratures, anomalies over the country tended to 
be uniform (except in spring), with the northwest 
exhibiting larger positive anomalies than other areas. 
This part of the country is a mountainous area with 
low average temperatures. Such a pattern has been 
projected by climate models, as discussed in a joint 
project by the Atmospheric Science and Meteorologi-
cal Research Center in Tehran (http://www.asmerc.
ac.ir/) and the Climatological Research Institute in 
Mashhad (http://www.irimo.ir/english/index.asp). 
In summer, the central part the country was warmer 
than other regions, where temperatures were mostly 
below normal. 

(B) Precipitation

Iran experienced drier-than-normal conditions 
for winter, summer, and autumn in 2010 (Table 7.3). 
Spring, summer, and autumn also received less rain-
fall in 2010 than in 2009. During winter, areas with av-
erage or above-average rainfall (up to 170% of normal) 
were confined to parts of the northeast, northwest, 
southeast, and small parts of the Zagross mountains, 
while the rest of the country received precipitation 
amounts no more than 90% of normal. However, 
total winter rainfall in Golpaygan and through west-
ern parts of the country was up to 400% of normal. 
Similar to 2009, the largest total winter rainfall of 
450 mm was observed in Koohrang, located in the 
Zagross mountain area. Through the middle and east 
of the country, and in localized regions in Hormozgan 
province (across the Persian Gulf), rainfall was less 
than 25 mm. In spring, the amount of precipitation 
was 30%–60% of normal in some parts of the north 
and southeast, but up to 170% of normal in the west 
and northwest. Chahbahar station recorded 300% of 
normal precipitation. In total, spring 2010 was the 
only season this year in which average precipitation 
was above the long-term normal. During summer, 
most parts of the country received below-normal pre-
cipitation, although the northwest and some isolated 

areas elsewhere received above-normal precipitation. 
While the highest recorded summer precipitation was 
323.7 mm in Bandar-Anzali, some widespread areas 
in different parts of the country (especially west and 
central areas) received no measured rainfall at all. 
During autumn, all parts of the country received less 
than 90% of their normal rainfall.

(C) Notable events

The potential for air pollution increased due to 
the extent of cold high pressure systems and stable 
air masses during October and November for many 
consecutive days, especially in metropolitan and in-
dustrial cities including the capital city of Tehran. 

Significant dust storms during winter, spring, and 
summer spread over large parts of south and south-
west Iran. Low-pressure systems with very low hu-
midity accompanied by troughs over Iraq and Saudi 
Arabia and associated with increased wind speeds 
were the main cause of the dust storms. Eastern and 
southeastern Iran experienced dust as usual in spring 
and summer. However, the source of those typical 
events is completely different to that associated with 
the dust in the south and southwest.

In 2010, methane gas production from dried leaves, 
accompanied by low pressure systems over the north 
of the country, induced a number of forest fires in the 
Golestan, Mazandaran, and Gilan Provinces. 

(iii) Turkey—S. Sensoy and M. Demircan
(A) Temperature

The annual average temperature for Turkey (based 
on data from 130 stations) in 2010 was 15.54°C. 
The 2010 mean temperature was 1.95°C above the 
1971–2000 average of 13.59°C. Generally, the whole 
country had temperatures above the mean, with high-
est anomalies occurring in eastern regions (Fig. 7.45). 
Positive temperature anomalies have been observed 
every year since 1994, apart from 1997. Monthly 
average temperatures during 2010 were above the 
1971–2000 average during most months but were near 
normal in April and October. A negative correlation 
(-0.30) was found between the North Atlantic Oscil-
lation (NAO) index and Turkey’s winter temperature 
(Sensoy et al. 2010). The NAO was negative during 
all months of 2010. 

(B) Precipitation

Rainfall in Turkey is affected by topography. For 
example, Rize (located in the eastern Black Sea region) 
receives an average of 2200 mm precipitation annually 
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while Konya (located in central Anatolia) receives an 
average of only 320 mm (Sensoy 2004).

Average annual total precipitation for Turkey as a 
whole is about 635 mm. In 2010, the annual rainfall 
was 729 mm (Fig. 7.46). Generally, western and north-
eastern parts of the country had precipitation above 
the mean total, except Southern Anatolia region 
where slightly-below-normal rainfalls were observed. 
Large positive anomalies occurred in Bursa, Balikesir, 
Edremit, and Yalova, with some rainfall events lead-
ing to hazardous floods in these cities. Bursa had its 
wettest year on record [1328 mm, 96% above normal 
(WMO 2010)]. 

Monthly precipitation totals were much above 
normal in January, February, June, October, and 
December, and below normal in March, April, May, 
August, and November. A negative relationship was 
found between Turkey’s precipitation and the NAO 
index (0.50), which is particularly strong in winter 
and was negative throughout 2010. The NAO affects 
Turkey’s climate more strongly than ENSO (Sensoy 
et al. 2010). 

(C) Notable events

The highest number of extreme events in Turkey 
since 1940 was reported in 2010 (555 events). There 
is an increasing trend of 25 events decade-1. The most 
frequent and hazardous extreme events are storms, 

floods, drought, and hail. During 2010, nearly half of 
the extreme event total was made up of storms (46%). 
Floods were the next most frequent extreme event in 
2010 (29%), followed by hail (14%). Although rare, land-
slides, lightning, tornadoes, and avalanches are other 
disastrous extreme events that occur in Turkey.

On 13–14 October, 122.8 mm of rainfall was re-
corded in 24 hours in Bursa. For this amount of rain 
in 24 hours, the average return interval was estimated 
to be 200 years (WMO 2010). Similar heavy rainfall 
occurred again on 27 October. Both events resulted 
in many floods and landslides. There was one death, 
and several primary and secondary schools were 
suspended for two days.

In Rize, extreme rainfall was associated with 
floods and landslides on 26 August 2010. According 
to the disaster report, 13 people died, one person 
was missing, 168 houses were destroyed, and 1729 
hectares of fields, roads, and water pipes were dam-
aged. Total economic lost was estimated as 30 million 
Turkish Lira ($20 million U.S. dollars).

h. Oceania
1) Southwest Pacific—A. Peltier and L. Tahani
Countries considered in this section include: 

American Samoa, Cook Islands, Fiji, French Poly-

Fig. 7.46. Annual total precipitation anomaly for 2010 
across Turkey, expressed as a percent departure from 
the 1971–2000 normal. The top panel shows the spatial 
distribution of anomalies for 2010 while the bottom 
panel shows a time series of national average anoma-
lies since 1940.

Fig. 7.45. Temperature anomalies for 2010 in Turkey 
(°C). The top panel shows the spatial distribution of 
anomalies for 2010 while the bottom panel shows a 
time series of national average anomalies since 1940.
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nesia, Kiribati, Nauru, New Caledonia, Niue, Papua 
New Guinea, Samoa, Solomon Islands, Tokelau, 
Tonga, Tuvalu, and Vanuatu. Unless otherwise noted, 
temperature and precipitation anomalies are relative 
to a 1971–2000 base period. The year in the Southwest 
Pacific was strongly influenced by the transition from 
a moderate El Niño over the southern summer to a 
strong La Niña in the second half of the year (see 
section 4bf).

(i) Temperature
Above-average surface air temperatures, with 

anomalies mostly exceeding +1°C, were recorded at 
numerous stations in the equatorial Pacific as well in 
Wallis and Futuna, Samoa, and most of the French 
Polynesia during austral summer as a result of El 
Niño. In contrast, an extended area of 
cooler air (less than 0.5°C below average) 
encompassed the Solomon Islands, New 
Caledonia, southern islands of Vanuatu, 
Fiji, Tonga, Niue, Southern Cook Island, 
and Austral Islands. With the develop-
ment of La Niña conditions around 
July, the temperature pattern reversed 
with well-below average temperatures 
restricted to the equatorial Pacific and 
relatively high air temperatures over most 
of the southwestern Pacific. On average, 
surface temperatures were above normal 
in 2010, since La Niña prevailed most of 
the year (Fig. 7.47). 

(ii) Precipitation
Rainfall patterns over the southwest-

ern (SW) Pacific are heavily influenced 
by ENSO f luctuations. As 2010 was 
dominated by two opposite phases of 
similar intensity, the overall rainfall 
anomaly was rather weak in most of 
the SW Pacific (Fig. 7.48). Exceptions 
were Marquesas, which had drier-
than-average conditions (less than 60% 
of normal rainfall, compared to the 
1979–95 base period), and Eastern Kiri-
bati, where heavy rainfalls during the 
first two months contributed to a slight 
annual surplus (120% of normal). For 
most Pacific islands, the rainfall pattern 
observed in 2010 was fairly typical of El 
Niño conditions early in the year and 
representative of La Niña conditions 

during the second half.
During the first three months of 2010, the Inter-

tropical Convergence Zone (ITCZ) was displaced 
towards the Equator (section 4f). Convection was then 
enhanced from west of Nauru across Western Kiri-
bati to Eastern Kiribati, and suppressed over Papua 
New Guinea. On a smaller scale, the Madden Julian 
Oscillation (MJO) also contributed to intense pre-
cipitation along the Equator with the enhanced phase 
located across the western and central Pacific from 
late January to early February. Also consistent with 
El Niño, the South Pacific Convergence Zone (SPCZ) 
was shifted eastward during January–March, hence 
above-average precipitation occurred over the eastern 
edge of the Solomon archipelago, Tuvalu, Tokelau, 

Fig. 7.47. Annual surface air temperature anomalies (°C) for 2010 
(1971–2000 base period) over the southwest Pacific from NOAA 
NCEP.

Fig. 7.48. Percentage of average annual rainfall for 2010 (1979–95 
base period) over the southwest Pacific from NOAA NCEP CPC 
CAMS_OPI v0208.
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Samoa, Northern Cook islands, and parts of French 
Polynesia (Society Islands, Tuamotu archipelago, and 
Gambier islands). Meanwhile, rather dry conditions 
persisted across New Caledonia, Vanuatu, Fiji, Tonga, 
Wallis and Futuna, Niue, and Southern Cook Island. 
These islands did not receive the water supply usually 
expected during austral summer.

Soon after the decay of El Niño during austral 
autumn, convection remained suppressed in the 
equatorial Pacific. As expected during La Niña con-
ditions, mainly below-average rainfall was recorded 
each month from June to December 2010 in Nauru, 
Tuvalu, Tokelau, Kiribati, and Marquesas Islands. 
Heavy precipitation was confined to the very western 
edge of the equatorial Pacific. Parts of Papua New 
Guinea and Solomon Islands were affected by a rather 
contracted SPCZ during austral winter.

In the islands farther south, La Niña effects be-
came apparent during the last quarter of 2010. As the 
SPCZ was displaced southwest of its normal position, 
above-average rainfall was recorded in New Caledo-
nia, Vanuatu, Fiji, Tonga, Niue and the Southern Cook 
Islands, and Austral Islands, whereas precipitation 
was less abundant over the rest of French Polynesia 
and the Northern Cook Islands. Over Wallis and 
Futuna, as well as Samoa, precipitation amounts were 
near normal during late 2010.

(iii) Notable events
Fourteen synoptic-scale low pressure systems 

formed in the Southwest Pacific in 2010, seven of 
them intensifying into tropical cyclones within the 
SW Pacific basin. Tropical cyclone (TC) activity was 
prominent during the first quarter of 2010; a single 
storm developed during the end of year. Because of 
the El Niño conditions, cyclonic activity was shifted 
easterly towards the center of the Pacific during the 
2009/10 season. Also typical of El Niño, the mean 
genesis location was displaced towards the Equator. 

Tropical Cyclone Oli originated near the Tuvalu 
archipelago and started its 5000 km-long journey 
through the southwest Pacific on 29 January. As it 
moved southeastward, the tropical depression inten-
sified progressively and reached Category 4 status as 
it passed 300 km west of Society Islands on 3 Febru-
ary. There, hundreds of families coped with damages 
caused by wind and wind-waves of up to seven meters. 
The storm’s trajectory then turned south toward the 
Austral Islands. The eye of Oli passed over Tubuai 
on 5 February, with a minimum sea level pressure of 
955.8 hPa and sustained winds of 55 kts (28 m s-1) with 
gusts up to 92 kts (47 m s-1). Along the northern and 

northeastern coasts 145 homes were completely shat-
tered by winds and flooding sea water. Oli became 
the second most intense tropical cyclone recorded in 
French Polynesia. (The most violent was Orama in 
1983 with a minimal pressure recorded at 870 hPa.)

Cyclone Tomas formed in the vicinity of Tokelau 
on 7 March, moved west, then south and threatened 
at first Wallis and Futuna archipelago. On 17 March 
it passed within 100 km of Futuna while a Category 
2–3. No casualties were reported but severe damage to 
coastal areas, crops (80% destroyed), and infrastruc-
ture occurred on Futuna. Most traditional “fales” 
were damaged or destroyed because of wind action 
and storm surge. Unfortunately, the semi-automatic 
weather station ran out of battery power early on the 
17th and therefore no maximum wind speed were 
recorded at Futuna’s synoptic station. Maximum 
wind speed was nonetheless estimated at 92 kts (47 m 
s-1), probably the highest value since 1979. With esti-
mated winds near the center gusting up to 135 kts (69 
m s-1), Tomas reached its peak intensity near Vanua 
Levu (Fiji) while it moved southward. Five thousand 
people were evacuated in the island’s Northern divi-
sion. Many coastal villagers in this area had their food 
crops ruined for months because of salt intrusion into 
the soil (see section 4d6 for more information on the 
southwest Pacific hurricane season).

2) Northwest Pacific, Micronesia—C. Guard and M. 
A. Lander 

(i) Overview 
This assessment covers the area from the Interna-

tional Date Line west to 130°E, between the Equator 
and 20°N. It includes the U.S.-affiliated islands of Mi-
cronesia, but excludes specific discussions concerning 
the western islands of Kiribati and the Republic of 
Nauru. In this Pacific region, the regional climate is 
strongly influenced by the phase and phase changes 
of ENSO (section 4b).

Temperature, rainfall, sea level, tropical cyclone 
distribution, and most other climate variables roughly 
corresponded to the behavior that would be expected 
in a year that began as El Niño and then transitioned 
rather rapidly to a La Niña event. Such years tend to 
be warm and dry across Micronesia. During the first 
half of 2010, Micronesia experienced enhanced east-
erly trade winds, strong subsidence, and dry weather, 
typical of a post-El Niño year. The mid-year transition 
to La Niña conditions further enhanced the trade 
winds, shifting monsoon trough activity and tropical 
cyclone (TC) development far to the north and west 
of normal. As a result, Micronesia experienced one of 
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its least active TC seasons on record. Tropical cyclone 
activity across the whole North Pacific basin was far 
below normal (50%) and set new historical record 
lows (see section 4d4).

(ii) Temperature
Average monthly maximum temperatures (maxT) 

and minimum temperatures (minT) across most of 
Micronesia have been rising for several decades at a 
rate that exceeds the reported rise of global average 
temperature of +0.74°C in the last century.  The tem-
perature time series at Guam’s Andersen Air Force 
Base (AAFB) is typical (Fig. 7.49).

The anomalies of maxT and minT across Micro-
nesia during the first and second half of 2010 (Table 
7.4) were mostly above normal. However, the minT 
at two stations, Yap and Pohnpei, has shown a long-
term decrease.  In keeping with this trend, the minT 
at Pohnpei was below normal in both halves of 2010, 
but the minT at Yap during the first and second half 
of 2010 was +2.08°C and +2.07°C above normal, 
respectively. While minTs from January through 
June were expected to be cooler than normal, they 
were in fact, considerably warmer than normal at 
several locations, possibly as a result of the higher 
than normal sea surface temperatures (SSTs) across 
much of the region.

Location
Max Temp
Min Temp

   Rainfall

Jan–
Jun

Jul-
Dec

  
Jan–Jun Jul–Dec          Jan-Dec

  °C mo-1   °C mo-1 N mm
2010
mm

% N mm
2010
mm

%
2010
mm

%

Saipan
15°N,146°E

NA NA 414.8 342.4 82.5 1293.1 1036.8 80.2 1379.2 80.8

Guam
13°N,145°E

+0.29
+0.52

-0.07
+0.28

612.1 466.9 76.3 1555.5 1484.1 95.4 1951.0 90.0

Yap
9°N,138°E

-+0.75
+2.08

+1.12
+2.07

1168.9 804.9 68.9 1818.6 1957.8 107.7 2762.8 92.5

Palau

7°N,134°E
+0.04
-0.22

-0.07
+0.39

1724.7 1030.7 59.8 2043.9 1676.9 82.0 2707.6 71.8

Chuuk
7°N,152°E

+0.63
+1.33

-0.31
+1.23

1538.0 1553.0 101.0 1864.9 2093.2 112.2 3646.2 107.2

Pohnpei
7°N,158°E

+0.35
-0.82

+0.10
-0.10

2277.6 2122.9 91.6 2411.5 2068.8 85.1 4191.8 88.3

Kapinga
1°N,155°E

NA
NA

NA
NA

1670.8 1956.1 117.1 1123.7 312.9 27.8 2269.0 81.2

Kosrae
5°N,163°E

+0.57
+1.66

-0.47
+0.56

2387.3 20.93.2 79.5 2128.8 1845.8 78.2 3939.0 78.9

Majuro
7°N,171°E

+0.57
+1.91

-0.18
+1.08

1455.4 1517.1 104.2 1888.7 2337.3 123.8 3854.5 115.3

Kwajalein
9°N,168°E

+0.43
+0.80

0.00
+0.14

959.6 660.2 68.8 1590.5 1557.3 97.9 2217.4 87.0

Table 7.4. Maximum and minimum temperature anomalies and rainfall anomalies for se-
lected Micronesian locations for January through June 2010 (Jan–Jun) and for July through 
December 2010 (Jul–Dec). Maximum and minimum temperature anomalies are in degrees 
Celsius per month (°C mo-1) for the indicated periods and rainfall anomalies are in mil-
limeters (mm) for the indicated periods. “N” is the normal rainfall taken from the NCDC 
1971–2000 base period.  Locations (latitude and longitude) are approximate. NA indicates 
that the temperature normals are not available from NCDC. Kapinga stands for Kap-
ingamarangi Atoll in Pohnpei State, Federated States of Micronesia (FSM).
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Sea surface temperatures around Chuuk and Yap 
were 1°C–2°C warmer than normal, and this may have 
influenced their rather large respective average minT 
anomalies of +1.66°C and +2.08°C.  Farther east, 
Pohnpei experienced January–June maxT anomalies 
of +0.35°C and minT anomalies of -0.82°C.  Still 
farther east, anomalies at Kosrae were larger (maxT 
+0.57°C for January–June), as a result of clearer 
weather and higher SSTs. At the eastern end of the 
region, Majuro had warmer-than-normal January–
June average maxT anomalies of +0.57°C and minT 
anomalies of +1.91°C.  Farther north at Kwajalein, av-
erage maxT (+0.43°C) and minT (+0.80°C) anomalies 
for the first six-month period were both warmer than 
normal, but not as warm as at Majuro. 

Temperatures for July–December were closer to 
normal than those during the first half of the year 
at most locations. As in the first half of the year, Yap 
showed the greatest anomalies with a maxT of +1.12°C 
and a minT of +2.07°C. MaxT and minT anomalies 
were small for the last six months of the year at Pohn-
pei, Kwajalein, and Guam. MaxT and minT anomalies 
at Chuuk (-0.31°C and +1.23°C), Kosrae (-0.47°C and 
+0.56°C), and Majuro (-0.18°C and +1.08°C) were 
larger than normal, especially the minT values.

(iii) Precipitation
Precipitation was typical for a year that begins with 

El Niño conditions and ends with La Niña conditions. 
In the first half of the year, the western half of the ba-
sin and islands north of 8°N were drier than normal, 
while most of the islands east of 150°E were either 
drier than normal or near normal. Palau’s rainfall for 
the first six months was only 59.8% of normal, while 
Yap was 68.9%, and the rainfall amounts at Guam and 
Saipan in the Mariana Islands were 76.3% and 82.5% 
of normal, respectively. Conditions at Kwajalein and 

Kosrae were also dry with 68.8% and 79.5% of 
normal rainfall, respectively. Several islands 
(Chuuk, Pohnpei, and Majuro) experienced 
near normal rainfall. 

During the last half of the year, most loca-
tions saw a 20%–30% increase in rainfall over 
the first half of the year as El Niño gave way to 
La Niña. From west to east across Micronesia, 
Palau rainfall increased to 82.0% above nor-
mal (a 22.2% increase from the January–June 
average); Yap rainfall increased to 107.7% 
(+38.8%); Chuuk increased to 112.2% (+11.2%); 
Majuro to 123.8% (+19.6%); Kwajalien to 97.9% 
(+29.1%); and Guam to 95.4% (+19.1%). Rain-
fall at Pohnpei and Kosrae were less than ex-

pected, partly as a result of the unusually far westward 
and northward extent of the equatorial wedge of cold 
SSTs and its effect on the trade wind trough. 

A major exception to the Micronesian rainfall 
pattern was at the near-equatorial location of Kap-
ingamarangi Atoll (1°N, 155°E) in Pohnpei State of the 
Federated States of Micronesia, where it was wetter 
than normal (117%) during the first half of the year 
in response to the El Niño-induced equatorial warm 
SSTs. Once the La Niña pattern set in, warm equa-
torial SSTs were replaced by a cool tongue of SSTs, 
and conditions at Kapingamarangi became very dry 
(27.8% of normal) through the end of 2010 and into 
2011. The Weather Forecast Office in Guam issued 
weekly Drought Information Statements for the Atoll 
from August 2010 well into 2011.

For the most part throughout Micronesia, rainfall 
for the first and second halves of 2010 was between 
75% and 125% of average. Of the major islands, an-
nual rainfall amounts ranged from a high of 4191.8 
mm at Pohnpei (88.3% of normal) to a low of 1379.2 
mm at Saipan in the U.S. Commonwealth of the 
Northern Mariana Islands (80.8% of normal). Palau at 
the western edge of the area was also dry with 2707.6 
mm (71.8% of normal), while Majuro at the eastern 
edge of the area was wet with 3854.5 mm (115.3% of 
normal). The six-month and annual rainfall values for 
selected locations are summarized in Table 7.4. Figure 
7.50 shows the annual rainfall amount and percent of 
normal for the major Micronesian islands.

(iv) Notable events
Tropical cyclone activity in 2010 was at record low 

levels in the western North Pacific (see section 4d4) 
and it was virtually non-existent across Micronesia. 
Only two tropical cyclones developed in Micronesia, 
and both were in the northwest part of the region. 

Fig. 7.49. Time series of MaxT (red) and MinT (blue) at An-
dersen Air Force Base, Guam. Values are 12-month moving 
average of the monthly averages. General features of this time 
series are: a substantial warming trend, a peak of MaxT and 
MinT in the late 1990s, and recent cooling during the 2000s.
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Neither intensified significantly until after moving 
west of 130°E longitude and neither tropical cyclone 
affected populated locations of Micronesia.

The high sea levels that prevailed in 2007 to early 
2009 began to fall by mid-2009 as El Niño conditions 
reduced the easterly wind stress that caused water to 
mound up in the west of the basin. The development 
of oceanic Kelvin waves also caused much of the 
heat content in the upper 300 meters of the ocean to 
be transported eastward toward Central and South 
America, reducing ocean volume in the equatorial 
western Pacific and causing sea levels to fall. This 
fall in sea level reduced the incidence of destructive 
coastal inundation events in the Micronesian islands 
during the latter half of 2009 and early 2010. After La 
Niña became re-established, the strengthening trade 
winds increased the easterly wind stress, and once 
again, water began to mound up in the west of the 
basin. This caused warm water to mix downward, 
increasing the oceanic volume and causing sea levels 
to further rise by the last three months of the year.

After the El Niño peaked in late 2009, sea levels 
in Micronesia reached their lowest levels around 
February 2010. The lowest anomalies (compared to 
the 1975–95 average) occurred in the west at Palau 
(-16 cm) and Yap (-12 cm) and diminished eastward 
at Chuuk and Pohnpei to around 0 cm. At some loca-
tions, sea level anomalies remained positive, such as at 
Marshall Island locations where the lowest anomalies 
were +5 cm, and at Guam (+6 cm). The sea level in Mi-
cronesia increased from boreal spring and grew most 
rapidly towards the end of the year, reaching their 
highest values in November and December. Average 
anomalies ranged from +18 cm to +20 cm at Palau, 
Yap, Chuuk and Guam to +23 cm at Pohnpei. Posi-

tive sea level anomalies occurred despite the reduced 
ocean volume (and reduced sea level) resulting from 
the cooler-than-normal equatorial SSTs.

3) Australia— C. Ganter and S. Tobin
(i) Overview
Australia experienced its second wettest year on 

record in 2010. As is typical during strong La Niña 
events, 2010 brought with it significant flooding, es-
pecially in the eastern states. The year was the wettest 
on record for Queensland and the Murray-Darling 
Basin, third-wettest for the Northern Territory, New 
South Wales, and South Australia, and fifth-wettest 
for Victoria. In stark contrast, southwest Western 
Australia had its driest year, austral winter (June–
August), and growing season (April–October) on 
record, while Tasmania received near-average rainfall. 
Unless otherwise noted, anomalies in this section are 
relative to a 1961–90 base period.

(ii) Temperature 
Despite widespread rainfall and increased cloudi-

ness, the national mean temperature for 2010 
remained above average (22.0°C, +0.19°C above 
average). Although this was Australia’s coolest year 
since 2001, the last decade (2001–10) was the warmest 
10-year period on record (0.52°C above average). In 
2010, overnight minimum temperatures (Fig. 7.51) 
were the eighth highest on record (0.59°C above aver-
age). Mean maximum temperatures (Fig. 7.52) were 
0.21°C below average.

Annual maximum temperature anomalies ex-
ceeded +0.5°C across most of Western Australia, 
the far north, and Tasmania. Cool anomalies below 
-0.5°C were recorded across much of inland New 
South Wales, Queensland, South Australia, and the 
Northern Territory. The warmest anomalies were in 
the west of Western Australia (+1.5°C) and the coolest 
in the southeastern Northern Territory ( 2.5°C). 

Annual minimum temperatures were above aver-
age through most of Australia, especially along the 
northern coasts, in part due to record high sea surface 
temperatures. Minimum temperature anomalies ex-
ceeded +2.0°C in parts of the Northern Territory and 
inland of Cairns in Queensland. Below-average mini-
ma occurred in southwest Western Australia, around 
Port Augusta in South Australia, and through areas 
of interior Australia. The largest negative anomalies 
(-0.5°C) were in western Queensland. 

The largest positive maximum temperature 
anomalies occurred in February; +5.0°C in areas of 
the Pilbara and Gascoyne in Western Australia. April 

Fig. 7.50. Annual rainfall as a percentage of normal 
(NCDC 1971–2000 base period) for selected locations 
on various Micronesian islands for 2010. Kapinga stands 
for Kapingamarangi Atoll in Pohnpei State, Federated 
States of Micronesia (FSM).
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temperatures were above normal, particularly in the 
west. The Australia-wide, area-averaged April anom-
aly (+1.68°C) was the second highest on record. 

The tropics were particularly warm for July–
September, with widespread areas of record high 
means and minima. The largest positive anomalies 
were recorded for July, with minima 4°C–6°C higher 
than usual across large parts of northern Australia. 
Below-average maxima covered most of the remain-
der of Australia in September, and most of Australia, 
except the far west, in October; anomalies of -4.0°C 
in central Australia were associated with record high 
rainfall in the region. 

Below-average temperatures were most widely re-
corded in November; maxima were more than 5°C be-
low average across a large area of inland Queensland, 
while minima were more than 3°C below average in 
a large area of central Australia. 

(iii) Precipitation
Australia’s mean annual rainfall for 2010 was 701 

mm, 51% above average (465 mm) and second highest 
since records began in 1900. Above-average rainfall 
was recorded in all months except June. Rainfall 
was significantly above average in all states except 
Tasmania and Western Australia (Fig. 7.53). Record 
totals fell across southern Queensland, parts of cen-
tral Australia and the far north, New South Wales, 
Victoria, and South Australia. Southwest Western 
Australia had its driest year on record—395 mm, well 
below the previous low of 439 mm set in 1940.

For parts of the southeast, particularly Victoria 
and South Australia, 2010 was the first year of above-
average rainfall since 1996. Similarly, 2010 marked 
a reversal of dry conditions which had dominated 
since 2001 across Queensland and New South Wales, 
including much of the nation’s food basket in the 
Murray-Darling Basin. Areas along the eastern coast 
of New South Wales and south of the Great Dividing 
Range in Victoria, where relationships between La 
Niña and rainfall are weaker, received near-average 
rainfall. 

January–March rainfall was generally above 
average, especially in northern Queensland and 
the Northern Territory during January, and across 
the central interior and east during February and 
March. However, it was dry in the west of Western 
Australia, where Perth Airport experienced a record 
122 consecutive rainless days between 20 November 
2009 and 22 March 2010.

April and May saw above-average rain in much of 
Australia (except for the east coast and west of West-
ern Australia), including record falls around the Gulf 

Fig. 7.53. Australian annual rainfall deciles (since 1900) 
for 2010. 

Fig. 7.52. Australian mean annual maximum tempera-
ture anomalies (base period of 1961–90) for 2010.  

Fig. 7.51. Australian mean annual minimum tempera-
ture anomalies (base period of 1961–90) for 2010. 
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of Carpentaria and central South Australia in April, 
and in the northwest in May. June rainfall Australia-
wide was the fourth-lowest on record, and was the 
only month in which the tropics saw consistently dry 
conditions typical of the season.

Record-breaking rain fell in the interior and 
northwest in July; in northern, central, and eastern 
Australia in August; throughout northern and central 
Australia and western New South Wales in October; 
and was exceptionally widespread in September. No-
vember and December saw very-much-above-average 
rainfall in Queensland, New South Wales, Victoria, 
and eastern South Australia. Record-breaking De-
cember rain fell in southeast Queensland and in a 
large area of Western Australia around Carnarvon. 
Averaged over Australia, austral spring (September–
November), the July–December period, and Decem-
ber were the wettest on record.

(iv) Notable events
The most notable aspect of Australia’s climate dur-

ing 2010 was the numerous flooding events resulting 
from the La Niña event (see Sidebar 7.9).

Early in the year, there were two occurrences of 
severe thunderstorms producing damaging large 
hailstones. The first, which occurred in Melbourne 
on 6 March, produced heavy rain, strong wind gusts, 
and hailstones over 5 cm in diameter across a large 
area of Melbourne’s suburbs, including a 10-cm 
hailstone, a record for the Melbourne region. There 
was also widespread severe thunderstorm activity 
from 5 to 7 March across central and north central 
Victoria, stretching into southern New South Wales. 
The second notable occurrence of severe thunder-
storms occurred on 22 March in Perth, producing 
heavy rain, severe winds, and large hail, including a 
6-cm hailstone in the northwest suburbs, a record for 
Perth. Both storms caused insured losses exceeding 
$1 billion (U.S. dollars). 

The northern tropics of Australia experienced very 
warm temperatures, particularly minima, through 
winter, with coastal areas and islands strongly influ-
enced by abnormally high sea surface temperatures. 
On 26 July, Cape Don in the Northern Territory set 
an Australian record high minimum for July with 
26.9°C. Darwin (26.6°C) also broke the previous 
record. Timber Creek and Bradshaw (both 37.5°C 
on 30 July) set a new July maximum record for the 
Northern Territory, just 0.1°C short of the Australian 
record. Richmond recorded a maximum of 36.1°C 
on the same day, a Queensland record. In August, 
Horn Island and Coconut Island in the Torres Strait 

broke the previous Queensland record high minimum 
temperature for the month, 25.4°C, on no fewer than 
24 separate occasions between them, with 26.8°C at 
Horn Island, on 19 August, the new record. 

While northern Australia was very warm during the 
2010 austral winter (JJA), southern Western Australia 
had persistently low minimum temperatures during 
late June and early July, associated with unusually dry 
conditions. Norseman Aerodrome (on the western 
Nullarbor) recorded a minimum of  6.0°C on 27 June, 
equaling the Western Australian June record. 

Four tropical cyclones made landfall in Australia 
in 2010, Olga, Paul, Tasha, and Ului. Wind damage 
was generally minor but all contributed to flooding.

Significant statistics
Mean annual maximum temperature anom-•	
aly: –0.21°C
Mean annual minimum temperature anom-•	
aly: +0.59°C
Mean annual rainfall anomaly: +51% (second •	
highest of 111-year record)
Highest annual mean temperature: 29.6°C, •	
Wyndham (Western Australia)
Lowest annual mean temperature: 4.3°C, •	
Thredbo (New South Wales)
Highest annual total rainfall: 12 438 mm, Bel-•	
lenden Ker Top Station (Queensland) – second 
highest on record (record 12 461 mm, set in 
2000 at the same station)
Highest temperature: 49.2°C, Onslow (West-•	
ern Australia), 1 January
Lowest temperature: –19.6°C, Charlotte Pass •	
(New South Wales), 20 July – second lowest on 
record (record –23.0°C, set on 29 June 1994 at 
the same station)
Highest one-day rainfall: 443 mm, Bulman •	
(Northern Territory), 31 March 
Highest wind speed (measured): 202 km hr•	 -1, 
Hamilton Island (Queensland), 21 March

4) New Zealand—G. M. Griffiths
(i) Overview
Annual mean sea level pressures were above 

average in the New Zealand region in 2010. The in-
creased prevalence of anticyclones near New Zealand 
produced a relatively settled and mild climate for the 
year overall, with average or above-average annual 
temperatures in all regions, and normal or above-
normal annual sunshine hours in most regions. There 
were relatively few rainfall extremes. The Southern 
Annular Mode (SAM), which affects the westerly 
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Sidebar 7.9: australia, a land of (drought and) flooding 
rains—c. ganter and s. tobin

3Australian rainfall deciles based on a 111-year climatology of grid-
ded fields from 1910 to 2010. Decile range 1 means the lowest 
10% of records, decile range 2 the next lowest 10% of records,..., 
decile 10 the highest 10% of records.

Note: Many Australians, and visitors to Australia, will be fa-
miliar with Dorothea Mackellar’s iconic poem “My Country”. 
First published in 1908, the poem describes the breaking of a 
drought, highlighting the contrast and extremes found within 
the Australian landscape and climate. The well-known second 
stanza, from which the title of this box is derived, is given 
below-

I love a sunburnt country, 
A land of sweeping plains, 

Of ragged mountain ranges,
Of droughts and flooding rains.

I love her far horizons, I love her jewel-sea,  
Her beauty and her terror -

The wide brown land for me!

   Australia experienced flooding across many regions dur-
ing 2010. Much of the flooding occurred in the second half 
of the year, during the strong La Niña event in the Pacific. In 
addition, record high tropical sea surface temperatures near 
Australia for 2010, partly associated with La Niña, fed extra 
moisture into the region. The flooding events listed here are 
the most significant for 2010, but by no means represent an 
exhaustive list. 
   The first major flooding for the year occurred in late 
February and early March. A monsoon low passed over the 
Northern Territory and into southern Queensland, continuing 
through northern New South Wales. This system produced 
heavy rainfall in its path, resulting in widespread, and in places 
record-breaking, flooding. Major flooding occurred in most of 
the catchments in southern inland Queensland, and some of 
these areas had their highest river peak on record. The rainfall 
on 2 March 2010 was Queensland’s wettest day on record 
(area-average of 32 mm) and daily falls exceeded 100 mm over 
1.9% of the country (a record), indicating the wide extent of 
the heavy rains. This event also brought significant flooding 
downstream in northwest New South Wales, with some areas 
remaining affected by flood waters well into April. 
   The second major flooding event occurred during September 
in northern Victoria. A complex low pressure system moved 
over Victoria on 3–4 September, producing widespread 
heavy rainfall along and north of the Divide. Some locations 
in northern Victoria had new record flood peaks as a result 
of this event. There were further floods on various rivers in 
northern Victoria and southern New South Wales over the 
following weeks. Although these were generally less significant, 
an event in mid-October caused substantial damage in parts of 
the Riverina region of New South Wales. 

   The Gascoyne region, located along the central coast of 
Western Australia, stretching inland, experienced one of the 
most extreme rainfall events in 2010. A monsoon low passed 
over the region during mid-December, producing heavy falls 
and flooding. Carnarvon Airport recorded 207.8 mm on 17 
December, almost tripling its annual rainfall total to date in one 
day and far surpassing its previous daily record of 102.6 mm on 
13 July 1998. Historically, rainfall events during December in 
this region are rare. Besides a single daily total of 77 mm during 
1995, prior to this event Carnarvon Airport hadn’t recorded a 
December total above 6 mm in its 66 years of record.
   The final major flooding event of 2010 continued through the 
last weeks of the year, and was the result of four rain events 
affecting eastern Australia between late November through 
to the end of December (flooding continued into early 2011). 
These rain events were mostly the result of persistent inland 
troughs over eastern Australia; however one was the result of 
a combination of moist easterly flow over Queensland, with 
further moisture brought in by the circulation associated with 
Tropical Cyclone Tasha. The most severe flooding occurred in 
Queensland and far northern and central western New South 
Wales during the last week of December, with downstream 
impacts continuing into January 2011. These events resulted in 
the wettest December on record for Queensland and eastern 
Australia as a whole (includes Queensland, New South Wales, 
Victoria and Tasmania). See Fig. 7.54 for Australian December 
rainfall deciles3 .

Fig. 7.54. Australian rainfall deciles for December 2010. 
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wind strength and location over and to the south of 
New Zealand, was strongly positive overall in 2010, 
and contributed to the prevalence of anticyclones 
experienced over the country. In the following discus-
sion, the base period is 1971–2000 for all variables. 
The New Zealand national temperature is based upon 
a seven-station record found at http://www.niwa.
co.nz/our-science/climate/news/all/nz-temp-record/
seven-station-series-temperature-data. 

(ii) Temperature
Mean annual temperatures (Fig. 7.55) were above 

average (between 0.5°C and 1.2°C above the long-
term average) in the northeast of the North Island and 
for much of the South Island (Nelson, Marlborough, 
parts of Canterbury, Fiordland, parts of Westland, the 
southern Lakes District, and central Otago). Mean 
annual temperatures were near average elsewhere 
(within 0.5°C of the long-term average). The national 
average temperature for 2010 based on a seven-station 
series was 13.1°C, 0.5°C above the 1971–2000 annual 
average. The year 2010 was the fifth warmest year 
since 1900, based on this seven-station series. 

Of the 12 months of 2010, seven (February, April, 
May, August, September, November, and December) 
were warmer than normal, one (October) was cooler 
than normal, and four (January, March, June, and 
July) were near normal. The largest positive anomalies 
were in the northeast of the North Island (Northland, 
Auckland, and Bay of Plenty), in the northeast of the 
South Island (Marlborough and north Canterbury), 
and in Fiordland and central Otago.

(iii) Precipitation
Annual rainfall totals for 2010 were in the near-

normal range (80%–119% of normal) across most of 
New Zealand. The exceptions were eastern parts of 
the North Island (specifically Coromandel, parts of 
the Bay of Plenty, Gisborne, Hawke’s Bay, and Waira-
rapa), Blenheim, parts of North Canterbury, and 
southwest Fiordland, which experienced above nor-
mal annual rainfall (with totals greater than or equal 
to 120% of normal). In contrast, areas of Northland, 
Auckland and Waikato, Otago, the Lakes District, 
and parts of the West Coast and Buller recorded 
below normal annual rainfall totals (between 50% 
and 79% of normal).

Dry conditions predominated in many areas dur-
ing February–April, July, and in October–November. 
The year began and ended with very large soil 
moisture deficits and drought conditions in several 
North Island regions, and in parts of the east of the 
South Island. January, May, August, and September 
saw predominantly wet conditions in many regions. 
There was also significant rainfall in the last week 
of December, affecting mostly western regions and 
the Nelson/Marlborough area (northern South Is-
land). The highest recorded rainfall for the year was 
at Cropp River in the Southern Alps (12 374 mm), 
while the lowest recorded rainfall total was 345 mm 
at Alexandra in Central Otago.

(iv) Notable Events
Notable climate features of 2010 (in various parts 

of the country) included two droughts, several heat 
waves, and four significant rainfall events. Drought 
was declared in January in Northland, and in Auck-
land, Waikato, Bay of Plenty, South Taranaki, South 
Canterbury, and Otago during April. The drought 
broke in May, only to be declared again in December 
in Northland, Waikato, and the Ruapehu District. 

Heat waves affected the West Coast at the end of 
January, Central Otago on 8–9 March, and numerous 
locations on 28–30 November, 12–15 December, 22 
December, and 27 December. Many all-time station 

Fig. 7.55. New Zealand annual mean temperature 
anomaly (°C) for 2010 relative to 1971–2000 average.
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maximum temperature records were set during these 
events. 

Exceptionally heavy rain occurred on 31 January 
in the northeast North Island. Widespread heavy 
rain and flooding occurred in the southwest South 
Island from 25–27 April, resulting in flood-threshold 
levels of Lake Wakatipu; and a sustained period of 
heavy rain during 24–30 May in the eastern South 
Island caused numerous floods, slips, road and prop-
erty damage. On 28 December, heavy rain, flooding, 
and high winds caused havoc for many areas of the 
country.

An extremely significant snowfall event occurred 
during 15–23 September, with heavy snowfalls, high 
winds, and extremely cold conditions observed in 
the southwest of the South Island. On 18 September, 
conditions were particularly extreme, causing the roof 
of Stadium Southland in Invercargill to collapse due 
to snow. Other parts of Southland were also affected, 
meaning milk was unable to be collected because of 
dangerous roads, and thousands of lambs were lost 
across the region.

Significant statistics
The highest annual mean temperature for •	
2010 was 16.5°C, recorded at Whangaparaoa 
(Auckland). 
The lowest annual mean temperature (not •	
including remote alpine sites) for 2010 was 
8.0°C, recorded at Chateau Ruapehu (central 
North Island).
Of the regularly reporting gauges, Cropp •	
River in the Hokitika River catchment (West 
Coast) recorded the highest annual rainfall 
total of 2010, with 12 374 mm.
The driest of the regularly reporting loca-•	
tions was Alexandra (Central Otago), which 
recorded 345 mm of rainfall in 2010.
Milford Sound experienced the highest 1-day •	
rainfall in 2010 (314 mm), recorded on 25 
April.
The highest recorded air temperature in •	
2010 was 35.6°C, observed at Cheviot on 22 
February.
The lowest recorded air temperature for 2010 •	
was -12.6 ºC, recorded at Lake Tekapo on 10 
August.
The highest recorded wind gust for 2010 was •	
217 km hr-1 at Baring Head, Wellington, on 12 
March (a new all-time record there).
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8. SEASONAL SUMMARIES—M. Halpert
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