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[1] A global perspective is developed on a number of high impact climate extremes in
2010 through diagnostic studies of the anomalies, diabatic heating, and global energy and
water cycles that demonstrate relationships among variables and across events. Natural
variability, especially ENSO, and global warming from human influences together resulted
in very high sea surface temperatures (SSTs) in several places that played a vital role in
subsequent developments. Record high SSTs in the Northern Indian Ocean in May 2010,
the Gulf of Mexico in August 2010, the Caribbean in September 2010, and north of
Australia in December 2010 provided a source of unusually abundant atmospheric
moisture for nearby monsoon rains and flooding in Pakistan, Colombia, and Queensland.
The resulting anomalous diabatic heating in the northern Indian and tropical Atlantic
Oceans altered the atmospheric circulation by forcing quasi-stationary Rossby waves and
altering monsoons. The anomalous monsoonal circulations had direct links to higher
latitudes: from Southeast Asia to southern Russia, and from Colombia to Brazil. Strong
convection in the tropical Atlantic in northern summer 2010 was associated with a Rossby
wave train that extended into Europe creating anomalous cyclonic conditions over the
Mediterranean area while normal anticyclonic conditions shifted downstream where they
likely interacted with an anomalously strong monsoon circulation, helping to support the
persistent atmospheric anticyclonic regime over Russia. This set the stage for the
“blocking” anticyclone and associated Russian heat wave and wild fires. Attribution is
limited by shortcomings in models in replicating monsoons, teleconnections and blocking.
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1. Introduction

[2] The focus of this paper is on some notable climate
extremes experienced in 2010 and how they relate to the
large-scale environment in which they occurred. In 2010,
record high SSTs in many regions were in close proximity to
places where record flooding subsequently occurred. As we
show here, this is unlikely to be a coincidence. Moreover,
increased rainfall and associated atmospheric diabatic heating,
largely from latent heat release, led to changes in the mon-
soon circulation and atmospheric teleconnections with con-
sequences for other parts of the world. This paper provides
diagnostic results mainly on the events of the latter half of
2010.
[3] There are many examples of climate extremes in 2010

but especially notable are those following the demise of the
May 2009 to May 2010 El Niño when record high SSTs
developed (see Figures 1, 2 and 4 presented later). Hence of

particular interest are the following, listed approximately
chronologically: intense heavy rains and flooding in parts of
China and India (June, July) and Pakistan (July, August); the
Russian heat wave and wild fires (July, August); the vigorous
Atlantic hurricane season; record flooding in Colombia
(October–December); drought in Brazil (October); and flood-
ing in Queensland, Australia as the year came to an end. Many
of the extreme events of 2010 are described in detail online
at the NOAA National Climatic Data Center, State of the
Climate, Global Hazards site: http://www.ncdc.noaa.gov/sotc/
hazards/2010/m where m is the month number. For Colombia,
see also http://climatesignals.org/2010/12/columbia-hit-by-
heaviest-rains-in-countrys-history/. These climate extremes
are typically treated individually, but in fact many are likely
related.
[4] Record-breaking extremes are always expected to

happen as the climate record gets longer even in a stationary
climate in inverse proportion to the length of record. So while
records become rarer as time goes on, they still occur. Yet
certain extremes related to heating are occurring much more
frequently than expected. For example in the United States,
extremes of high temperatures have been occurring at a rate
of twice those of cold extremes [Meehl et al., 2009]. However,
the clustering of extremes occurs when natural variability
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creates anomalies that are in the same direction as global
warming [e.g., see Rahmstorf and Coumou, 2011]. This
occurs, for instance, as heat leaves the ocean during and
following the warm El Niño phase of El Niño-Southern
Oscillation (ENSO) [Trenberth et al., 2002]. During ENSO,
large regional changes occur in SSTs throughout the tropics.
Large positive SST anomalies in the central and eastern
Pacific during El Niño tend to focus convective activity
(thunderstorms, tropical storms, etc.) into those regions while
suppressing activity elsewhere via both changes in atmo-
spheric stability and wind shear. Meanwhile lighter winds
and decreased evaporative cooling, and sunny skies in the
tropical Atlantic and Indian oceans result in higher than
normal SSTs 3 to 7 months after the peak SSTs in the
Niño 3.4 region [Trenberth et al., 2002]. A rapid transition
to La Niña conditions, as occurred in May–June 2010 (and
also in 1998 following the big 1997–98 El Niño event), then
focused activity away from the Pacific into the Atlantic and
Indian ocean sectors, where weather systems could feed upon
the extra energy available from the above normal ocean
temperatures. A plausible working hypothesis is that this is
what happened in 2010 and relates to the exceptional number
of extremes observed.
[5] In both the Indian Ocean and Atlantic sectors, as

shown here, since mid-2010, high SSTs were accompanied
by heavy rains, flooding over nearby land, increased diabatic
heating in the atmosphere largely from latent heat release,
and thus changes in the monsoon circulation and forced
quasi-stationary Rossby wave trains. The resulting atmo-
spheric teleconnections had consequences for other parts of
the world, most notably Russia. Given our knowledge and
understanding of the atmosphere and the climate system,
it is not surprising that events in remote regions are
connected. In the northern summer and autumn of 2010, the
connectivity throughout Eurasia is evident from diagnostic
studies, as given here and see alsoHong et al. [2011] and Lau
and Kim [2012]. Moreover, connectivity between events in
the Atlantic and throughout the Americas seems clear, but it
also seems likely that these two regions were linked by more
than coincident high SSTs via the atmosphere. There remain
questions about the degree and mechanisms and the impli-
cations of these for attribution efforts [Otto et al., 2012].

While relevant, this study is not about attribution but rather
it explores aspects of the physical environment in which the
extremes occurred. Central to the analysis here is the question
as to whether models are capable of depicting the modes of
variability associated with the extremes generally. Our anal-
yses suggest that they are not.

2. Methods and Data

[6] The focus here is on the period from June to August
coinciding with the Russian Heat Wave (RHW) and the
Pakistan floods. As the main anomalous events in the
Americas occurred somewhat later, only a brief reference is
made to those. Most of our climate diagnostics are with
monthly or seasonal means, but a special effort has been
made to generate averages over the period of the RHW, from
16 June to 15 August 2010 using 6-hourly data. We have also
used the monthly means for July 2010 and 3 month values for
June–July–August 2010 and their anomalies to provide
context, although only Jun–Aug anomalies are shown.
[7] SST values were computed from HADISST [Rayner

et al., 2003] and ERSST [Smith et al., 2008] data sets at
1� resolution although only the former are shown. The main
atmospheric data used here are the ERA-Interim (ERA-I)
reanalyses from ECMWF [Dee et al., 2011] which recently
became available from 1979 on. These were mostly used at
full T255 (�79 km) resolution although results are truncated

Figure 1. Monthly anomalies in SST (�C) for 10–25�N
50–100�E encompassing the Arabian Sea and Bay of
Bengal. May 2010 is the highest anomaly (0.9�C) on record
and the SST was 30.4�C. This figure uses the HADISST
data, but values are similar in the ERSST data set.

Figure 2. Seasonal Jun–Jul–Aug 2010 mean SSTs and
their anomalies relative to 1951–70, based on HADISST data.
Dark green boxes on the lower panel indicate the regions dis-
cussed in the text for, from left to right, the Northern Indian
Ocean, North Australia, Niño 3.4, Gulf of Mexico, and
Caribbean.
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to T63 for presentation purposes. However, many other data
sets have been compared to evaluate the veracity of the rea-
nalyses [Trenberth et al., 2011]. Vertical integrals of the
reanalyses using model level data are used to compute com-
prehensive energy, heat and moisture budgets incorporating
mass budget adjustments as in Trenberth and Stepaniak
[2003]. Because there are spurious changes over time in all
reanalyses associated with changes in the observing system
[Trenberth et al., 2011], an emphasis in the figures presented
is on the total fields although anomalies are also presented.
[8] Outgoing Longwave Radiation (OLR) values are mainly

from the NOAAAdvanced Very High Resolution Radiometer
(AVHRR) data set at 2.5� resolution beginning in 1979
[Liebmann and Smith, 1996], although ERA-I OLR is also
used. There are known spurious variations in the OLR data,
which degrade relationships somewhat [Waliser and Zhou,
1997].
[9] Precipitation estimates from both CMORPH at 0.73�

resolution [Joyce et al., 2004] and ERA-I are used. The
former are probably noisier as they depend on sampling. The
CMORPH analyses start only in 2003, but the major aspects
are robust and reproduced in both data sets.

3. The 2010 Russian Heat Wave (RHW)
and Pakistan Floods

[10] The Russian heat wave in summer 2010 [Matsueda,
2011; Dole et al., 2011; Barriopedro et al., 2011; Lau and
Kim, 2012] lasted from June until mid-August. The tre-
mendous heat in Russia was preceded by very dry conditions,
setting the stage for wild fires. We focus on the two month
duration of the RHW from 16 June to 15 August 2010 when
the heat wave was most intense and persistent. Because the
critical period goes from mid-month to mid-month, daily
values are used where available. The associated atmospheric
phenomenon was a persistent blocking anticyclone. Extended
range forecasts of the blocking [Matsueda, 2011] were quite
good although not as good in the last two weeks when the
heat was at its peak. However, weather and climate models
have difficulty in the initiation and maintenance of atmo-
spheric blocking [Brunet et al., 2010; Scaife et al., 2010]. All
four studies note that blocking normally occurs in this region
and Dole et al. [2011] concluded that the RHWwas largely a
natural event. From an attribution aspect, the main question
in this case is why was the blocking so persistent and strong?
What influences external to the atmosphere played a role?
Rahmstorf and Coumou [2011] provide a thorough statistical
analysis of the Russian heat wave and suggest that there was
an approximate 80% probability that the 2010 July Russian
heat record would not have occurred without climate warm-
ing, or alternatively the probability increased by a factor of five
[Otto et al., 2012]. Otto et al. [2012] reconcile the apparently
disparate views of Dole et al. [2011] and Rahmstorf and
Coumou [2011], but we also ask what are the physical
mechanisms and sequence of events that lead to this statisti-
cal result? Hence we provide some physical insights into how
global warming may have affected the region.
[11] Extratropical disturbances downstream of the blocking

interacted with monsoon surges [Houze et al., 2011; Hong
et al., 2011; Lau and Kim, 2012] to help produce the rains
that led to flooding in Pakistan. The evolution of rains and
drought in China prior to the period of interest is given by

Barriopedro et al. [2012]. The anomalous precipitation over
land was symptomatic of very heavy precipitation more
generally over the Bay of Bengal and the Arabian Sea, and a
key question is whether these monsoon-related rains were
also related to the higher latitude blocking.
[12] To address this question, the broader setting in which

these extremes occurred is examined. SSTs in the northern
Indian Ocean region 10–25�N, 50–100�E, which encom-
passes the Bay of Bengal and Arabian Sea, were the highest on
record for any month in May 2010 at 30.4�C and the anoma-
lies were also highest on record and 2.3 standard deviations
above the normal (relative to 1960 to 1989) (Figure 1; and see
Figure 2 for the region); the biggest anomalies were in the
Arabian Sea. Area average SSTs exceeded 29�C also in
April and June 2010. Subsequent evaporative cooling of the
ocean (especially the Arabian Sea) following monsoon onset
(e.g., see Figure 8 presented later) provided moisture for the
atmosphere and thus for the Southeast Asian monsoon rains.
[13] The SSTs for Jun–Aug 2010 (Figure 2) show extensive

regions of 0.5 to 1.5�C anomalies throughout the northern
Indian Ocean and Indonesian region as well as throughout
the tropical Atlantic (relative to a 1951–1970 normal that
precedes most anthropogenic warming). These regions are
normally very warm anyway. In 2010, the total SSTs
exceeded 29�C over broad regions and, because the water
holding capacity of the atmosphere increases exponentially
with temperature [Trenberth, 2011], a positive anomaly on
top of already high SSTs has much greater effect than if
located elsewhere. Indeed, the high SSTs were accompanied
by very high water vapor amounts (not shown). The surface
air temperature anomalies (Figure 3) are dominated by the
RHW, where they exceeded 7�C for 16 June to 15 August
2010. Dole et al. [2011] and Lau and Kim [2012] provide
further details.
[14] Record breaking SST anomalies also occurred in

other regions. We defined broad regions for the Caribbean as
10 to 20�N 70 to 80�W, and Gulf of Mexico as 20 to 30�N
98 to 82�W (see Figure 2 for regions). In the Gulf in August
2010, SSTs were the highest on record for any month at
30.2�C although only 0.53�C above the 30 year normal
1960–89 (highest anomaly for August). For the Caribbean,
September 2010 recorded its highest SST at 29.5�C (anomaly
of 0.70�C), but was exceeded in October 2010 (29.6�C;
+0.66�C), with only October 2003 being higher. From 10 to
20�S 120 to 160�E (Figure 2), north of Australia, the
anomalies were the second highest on record for September
to November 2010, and the highest on record in December
2010 when SSTs were 29.6�C and an anomaly of 0.8�C
existed (2.4 standard deviations above normal).
[15] The time series of Niño 3.4 region (5�N-5�S; 120–

170�W) SSTs indicates ENSO conditions (Figure 4) and
shows the El Niño persisting through April 2010 but rapidly
gave way to La Niña conditions by June. During La Niña,
convective action moves away from the tropical Pacific into
the Indonesian and Indian Ocean sector, and tropical Atlantic.
[16] The anomalous atmospheric circulation is indicated

by the winds and geopotential height at 250 hPa (Figure 5).
While large anomalies are not unexpected in the winter
hemisphere, the strong anticyclonic feature centered over
Russia is very unusual mainly due to its exceptional duration
and intensity. However, it is not alone, and weaker wavelike
structures occur throughout the northern hemisphere. In
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midlatitudes, a wave 6 structure is evident in the high pressure
centers spanning the northern hemisphere, and these may
relate to the Circumglobal Waveguide Pattern (CWP) of
Branstator [2002] whose structure is documented for summer
by Ding and Wang [2005]. The CWP is a leading structure in
a linear-based analysis of intrinsic variability. However, the
lack of zonal symmetry suggests that regional forcings of this
wave may also be important [see Trenberth et al., 1998]. For
instance, in the Pacific, a coherent wave structure is evident
emanating from the subtropics with the first cyclonic center
near 25�N 145�E, just north of large positive OLR anomalies
(Figure 6). A strong anticyclonic center also is present over
the Southeast United States, with a wavelike structure
stretching northeastward across the Atlantic to encompass the
Russian feature. Further discussion of these aspects is given
later.
[17] OLR anomalies (Figure 6) show a strong La Niña

signature with very high OLR, signaling low cloud tops and
less deep convection and precipitation in the tropical Pacific
east of 135�E, but with anomalous deep convection and high
cloud tops west of 135�E over Indonesia and extending
throughout the northern Indian Ocean. The total OLR field
(Figure 6) reveals OLR less than 190 W m�2 in the Bay of
Bengal as the dominant global feature. It also shows the
structure of the monsoon rainbands over Africa, southern Asia
and Central America, along with the Inter-Tropical Conver-
gence Zone (ITCZ) in the Pacific and Atlantic Oceans. Below
normal OLR (Figure 6) and implied heavy rains are apparent
in the Caribbean, Central America and Colombia. The positive

OLR anomalies also reveal the RHW region very clearly,
north of the Caspian Sea.
[18] Precipitation estimates for mid-June to mid August

2010 and their anomalies (Figure 7) reveal that the heavy
rain anomalies are somewhat stronger over Pakistan in the
CMORPH analyses. However, there is excellent agreement
in the overall patterns and anomalies. The precipitation anal-
yses (Figure 7) confirm the very heavy rains over the Bay of
Bengal and Arabian Sea, extending into Pakistan, and also

Figure 3. The surface air (2 m) temperature anomaly rela-
tive to 1980–2009 for 16 June to 15 August 2010 from
ERA-I reanalyses.

Figure 4. Time series of Niño 3.4 (5�N-5�S, 120–170�W)
SST anomalies relative to 1951–2010.

Figure 5. Geopotential height anomalies at 250 hPa and
associated total wind anomalies 16 June to 15 August 2011
relative to the base period 1980–2009. Note the shift in
map by 180� longitude relative to other maps. Units are geo-
potential meters and m s�1.

Figure 6. The (top) total field and (bottom) anomaly rela-
tive to 1980 to 2009 for OLR for Jun 16–Aug 15, 2010 in
W m�2.

TRENBERTH AND FASULLO: CLIMATE EXTREMES—THE RUSSIAN HEAT WAVE D17103D17103

4 of 12



near the equator northwest of Australia. Lower than normal
precipitation over the northernmost regions of the Bay of
Bengal may be associated with a mid-level jet along the
Himalayan foothills that advected moisture to the northwest
[Houze et al., 2011].
[19] The vertically integrated moisture fluxes (Figure 8)

reveal the low level flow and hence the regions where SSTs
are especially important, such as the Arabian Sea. The
moisture was advected into the rain areas, and contributed to
the heavy rains and flooding in Pakistan [Houze et al., 2011;
Webster et al., 2011] that had some predictability up to
8 days in advance [Webster et al., 2011]. This exceptional
predictability is also suggestive of a role for large-scale
processes in the phenomenology of the rainfall events.
While unusual synoptic events in late July 2010 led to the
main Pakistan flooding [Houze et al., 2011; Hong et al.,
2011; Lau and Kim, 2012], the moisture flow and conver-
gence is fairly typical of La Niña events [Fasullo and
Webster, 2002], and the anomalies (Figure 8) highlight the
stronger moisture fluxes flowing northeast across the Ara-
bian Sea and a much stronger flow of moisture westward
toward Indonesia in the western tropical Pacific [Houze et al.,
2011]. The divergence of the moisture flux is, aside from a
small tendency term, equivalent to E-P (evaporation minus
precipitation), the net moisture flux into the atmosphere.
Figure 8 reveals the strong evaporative sources in the sub-
tropics and western Arabian Sea and the negative anomalies
reveal the excess of precipitation, in good agreement with
Figure 7. The record high SSTs (Figure 2) (more so than the

SST anomalies) promote moisture convergence and hence
excess P over E.
[20] Atmospheric diabatic heating computed from the

mass balanced energy budget (Figure 9) is dominated by
latent heating from precipitation and exceeded 100 W m�2

over large areas in the northern Indian Ocean and adjacent
monsoon region, the Caribbean and tropical Atlantic, and
was >300 W m�2 in places, with anomalies over 100 W m�2

over some of these regions. The anomalies in diabatic heating
confirm that the main anomalous atmospheric heating was
associated with latent heating from precipitation (cf. Figures 7
and 9).
[21] The divergent wind flow field and the corresponding

velocity potential at 250 hPa and 850 hPa (Figure 10) reveal
where the low level flow at 850 hPa is largely the reverse
of that in the upper troposphere at 250 hPa, indicative of
the overturning monsoonal-type circulation [Trenberth et al.,
2000] even though the rotational part of the flow can also be
important in properly interpreting Figure 10. These fields
reveal the iconic Hadley and Walker Cell circulations
embedded in the overall flow as well as the monsoonal link
toward the Mediterranean Sea area.Williams and Funk [2011]
show how the convection over the northern Indian Ocean
is increasingly linked to drought over East Africa as part
of this pattern. Figure 11 shows the anomalous vertical motion
(omega) field at 500 hPa with the anomalous divergent
velocity vectors at 250 hPa superposed. These fields may
include some effects from spurious changes in the observing
system [Trenberth et al., 2011]. The omega field when very

Figure 7. Precipitation (top) total and (bottom) anomaly for 16 Jun–15 Aug 2010 based on (left)
CMORPH and (right) ERA-I reanalyses in mm/day. For CMORPH the climatology was from 2003 to
2009 and for ERA-I it was 1980–2009.
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heavily smoothed relates directly to anomalies in velocity
potential and reveals fine grain structure in addition to that
shown in Figure 10. It indicates the exceptional vigor of the
outflow region in the Asian monsoon with some penetration
to the region northeast of the Caspian Sea, while the cyclonic
structure over the northern Mediterranean and Black Sea
region (Figure 5) suggests that the normal anticyclonic sub-
sidence there has been shifted to the RHW region.
[22] The Asian monsoon rains are normally linked to the

Mediterranean climate through the monsoon circulation
[Rodwell and Hoskins, 2001] via the overturning circulation
and the Rossby wave response to atmospheric heating.
Goswami et al. [1999] discuss indices on the Indian summer
monsoon for rainfall and circulation. However, the main
anomalies in diabatic heating are over the northern Indian
Ocean (NIO) (Figure 9), and hence we use the same core
region as in Figure 1, 10–25�N, 50 to 100�W, over the ocean
to compute the mean ocean OLR anomalies for Jun–Aug
and correlate that time series with OLR anomalies elsewhere
(Figure 12). With 32 values that are largely independent, the
two-sided 5% significance level for correlations is 0.36.
Figure 12 reveals that while the main variability associated
with this index is over the Arabian Sea, there are distinctive
significant relationships in the Pacific associated with ENSO;
and significant positive correlations occur over northern
South America. There are also significant inverse relation-
ships between the northern Indian Ocean and the northern
Mediterranean–Black Sea area, that extend to the region of

the RHW. The observed pattern of OLR anomalies in 2010
(Figure 6) bears a reasonable resemblance to much of
Figure 12. The climatological relationship is one where the
convective activity is suppressed over the Mediterranean but
Figure 12 demonstrates that a link also exists between the
variations in Mediterranean climate and the Asian monsoon/
Indian Ocean convection. Figure 12 also shows results for
the NCAR Community Climate System Model, version 4
(CCSM4) run in fully coupled mode with only the external
forcings specified for 1850 to 2010 [see Gent et al., 2011]
and for the atmospheric component Community Atmospheric
Model version 4 (CAM4) run with only SSTs specified as
observed for 1979–2010. These results are discussed in the
next section.
[23] The basis for why the canonical downward branch of

the northern summer monsoon circulation occurs over the
Mediterranean can be seen from Figure 9 and relates in part
to the presence of the cool ocean relative to the surrounding
land domains combined with the Rossby wave response to
monsoonal heating [Rodwell and Hoskins, 1996]. However,
this circulation was evidently disrupted in summer 2010,
as seen by the striking cyclonic anomalies in the anomalous
geopotential height at 250 hPa (Figure 5) that are linked
up- and down-stream via a Rossby wave that had a quasi-
stationary component throughout this period. To explore the
evolution of the wave train and the blocking over Russia

Figure 9. Vertically integrated diabatic heating in the
atmosphere for Jun–Aug 2010 computed as a residual from
the energy equation using ERA-I reanalyses. (top) Total
and (bottom) anomaly relative to 1989–2009 in W m�2.
The dominant atmospheric heating comes from precipitation
latent heat release of >200 W m�2 over extensive areas of
the Northern Indian Ocean and near Central America.

Figure 8. For June–July–August 2010, the vertically inte-
grated atmospheric moisture transport (vectors, scale inset in
kg m�1 s�1); with colored shading indicating the divergence
of the latent energy in W m�2, based on ERA-I reanalysis.
(top) Total and (bottom) anomaly relative to 1980–2009.
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further, Figure 13 presents the regional circulation anomalies
at 250 hPa for 16 Jun–15 Aug 2010 for the stream function
field, which is similar to the geopotential height field but
accounts for the variations in the Coriolis parameter with
latitude, and hence the anomalies are more uniform with
latitude in magnitude. The line on this plot from 90�W 30�N
(over the southeastern United States) to 60�E 60�N (over
Russia) is roughly aligned with the wave train. The second
part of this figure shows a time slice along this line of the
stream function anomalies for Jun–Aug 2010 computed
every six hours as anomalies from a smoothed annual cycle

climatology that includes the first three harmonics. It shows
the propagation of features northeast from the United States
that led to fluctuations in the blocking. Note in particular the
strong anticyclonic disturbance originating in the tropical
North Atlantic in the second half of June that led directly
to the main intensification of the blocking anticyclone over
Russia in mid-July.
[24] The quasistationary blocking anticyclone (Figures 5

and 13) from mid-June to mid August was most intense from
mid to end of July from 35 to 55�N. The structures revealed
are strongly suggestive of a quasi-stationary Rossby wave
that is enhanced by converging wave-activity with the strong
tendency for the blocking high to reform in the same location
[e.g., Trenberth and Mo, 1985; Trenberth, 1986; Nakamura
et al., 1997; Takaya and Nakamura, 2001; Schneidereit et al.,
2012]. The evolution of these transients suggests an impor-
tant role in reinforcing and reestablishing the anticyclone.

Figure 10. For 16 Jun–15 Aug 2010, velocity potential
(contours) and divergent wind component (vectors, scale
inset in m s�1), at (top) 250 hPa in the upper troposphere
and (bottom) 850 hPa in the lower troposphere. Vectors
are missing at 850 hPa where below ground.

Figure 11. The anomalous divergent wind at 250 hPa
(m s�1) is shown on a background of the anomalous vertical
motion at 500 hPa in Pa s�1 for 16–June to 15 August 2010.

Figure 12. Correlation between OLR averaged over the
northern Indian Ocean between 10 and 25�N and 50–100�E
with other locations for JJA for (top) observed from ERA-I
for 1979 to 2010; (middle) CAM-4 for 1979–2010; and
(bottom) CCSM-4 for 1850–2005.
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[25] The persistent wave structures (Figure 13) reveal qua-
sistationary features over southeast United States between
60 and 90�W and a somewhat weaker feature in the central
Atlantic between about 0 and 30�W. These features were
present in June as part of a Rossby wave structure.
Schneidereit et al. [2012] identified a wave train (their
Figure 12) from the tropical west Atlantic to northern Europe
and note how the regime change to La Niña helped modulate
the quasi-stationary wave structure. The main anomalous
atmospheric forcing (Figure 9) was the strong convection over
the tropical North Atlantic (including the Gulf and Caribbean)
where very high SSTs (Figure 2) prevailed throughout this
period (Figures 6, 7, 9, and 10). Cassou et al. [2005] have
noted the tropical Atlantic influence on European heat waves
related to wetter than average conditions in the Caribbean
and the wave train path is as expected for a tropical source
[Trenberth et al., 1998].
[26] We interpret the RHW and the blocking as part of the

same phenomenon. There have been several studies of the
atmospheric aspects related to the development of the RHW

blocking anticyclone and the climate question is what
external influences from outside of the atmosphere may have
played a role in making the blocking so persistent and
intense. The main anomalous atmospheric forcings were in
the tropical Atlantic and the northern Indian Ocean, and of
reversed sign in the central tropical Pacific (Figure 9). The
Mediterranean climate normally has a predisposition for
anticyclonic conditions, and the evidence presented here
suggests that the preferred downward branch of the monsoon
circulation was displaced northeast of its normal position
in JJA 2010 giving the Rossby wave structure noted in
Figures 5 and 13, and in Dole et al. [2011].
[27] Hence, an interpretation of the RHW in 2010 is that

the canonical settled weather regime associated with the
downward branch of Asian summer monsoon was extended
eastward over southern Russia partly in response to the wave
train from the strong persistent anomalous convection in the
tropical Atlantic and the intensity was enhanced by the
anomalous monsoon heating and circulation. The map of
the divergent flow in the upper troposphere for mid-June to
mid-August (Figure 11) is extended with a wrap-around
section in Figure 14 so that the RHW region repeats, and with
schematic indicators of the main components of the circula-
tion. It shows the direct link between the monsoon rains and
the subsiding air in the blocking anticyclone over Russia. It
also reveals the Hadley circulation to the south, and the
Walker circulation to the east, made stronger by the La Niña
conditions. The anomalous Rossby wave associated with
anomalous Caribbean heating is also indicated.

4. The Americas

[28] La Niña conditions are well known to be associated
with major anomalies in the Americas. In summer and
autumn, the hurricane season is more active owing to a more
favorable tropical circulation that allows storms to form in
an environment of reduced wind shear and stability [Vecchi
et al., 2008]. Precipitation and flooding risk increase sub-
stantially in northern South America, such as in Colombia
[Poveda et al., 2011].
[29] The SSTs (Figure 2) in the Atlantic sector throughout

the region north of Colombia were above 29�C in July to
October, and September and October 2010 were the third
and second highest SST for any months on record in the
Caribbean. Anomalies exceeded 0.5 to 1.5�C relative to the
1951–1970 base period (Figure 2). SST anomalies were
especially large off the Colombian coast. The much cooler
conditions to the west of the Central American isthmus both
in absolute and anomaly terms understandably focused
convective activity as a whole into the Atlantic and away
from the Pacific. North of the equator, the result was a much
above normal Atlantic hurricane season, in which there were
19 named storms, and 12 hurricanes, of which 4 were cate-
gory 4 or 5, likely making it the second most active year after
2005 since 1944 when aircraft surveillance was imple-
mented. SSTs in the tropical North Atlantic region critical for
hurricanes (10� to 20�N) were at record high levels in the
extended summer (June to October 2005) and were a major
reason for the record 2005 hurricane season [Trenberth and
Shea, 2006].
[30] The OLR negative anomalies and precipitation field

(Figures 6 and 7) show the extensive heavy rain region in the

Figure 13. (top) Mean 16 Jun–15 Aug 2010 stream
function and rotational wind (m s�1, key at top right) anoma-
lies at 250 hPa. The line shows the cross-section used in the
bottom panel. (bottom) Time section for 90�W30�N to 60�W
60�N for June–August 2010 of stream function anomalies.
The main blocking period between 30 to 60�N is indicated
by the black line at right.
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Caribbean extending across parts of Colombia and Venezuela.
The main flooding in 2010 in Colombia developed in sub-
sequent months. Meanwhile above normal OLR anomalies
over South America, including Brazil coincided with the
drought onset there. The actual precipitation anomalies
(Figure 7) suggest somewhat below normal rains, but the
anomalies are not large, as the main drought in Brazil did not
develop until 2 months later. Espinoza et al. [2011] describe
the exceptional drought in 2010 as the strongest on record
in the western Amazon basin, and pointed out the similar-
ities to the 2005 drought both in terms of the drought itself
and the anomalous SSTs in the tropical North Atlantic that
were associated with the drought.
[31] The divergent winds and anomalous upward motion

(Figures 10, 11, and 14) show the strong overturning link
between the tropical Atlantic rainy areas and the dry season
in Brazil. These set the stage for the anomalous convection,
rainfall, and flooding that ensued in subsequent months as
the high SSTs persisted and the ITCZ progressed further
south.

5. Discussion

[32] In this paper a global perspective is provided and, as
shown here, is essential for addressing the phenomenology
of the RHW, while other studies have taken a more regional
approach. For instance, Dole et al. [2011] and Lau and Kim
[2012] showed only the regional anomalies in the immediate
area. Motivating our global approach is the fact that climate

anomalies in one place are often connected to large anomalies
elsewhere via teleconnections in the atmosphere. The
importance of the strong La Niña that developed by June
2010 was not adequately appreciated in some previous
studies but has been brought out by Schneidereit et al.
[2012]. The negative diabatic heating anomalies in the trop-
ical Pacific arise from the La Niña and help drive an anom-
alous Rossby wave train. The La Niña also focused the
monsoon rains in southern Asia in conjunction with excep-
tionally high SSTs in the Indonesian and Indian Ocean
regions and in the tropical Atlantic. Both regions feature
strong convection and anomalous diabatic heating in the
atmosphere (Figure 9) and associated atmospheric circulation
anomalies. In part the high SSTs in the Indian and Atlantic
sectors were a consequence of the previous El Niño [Trenberth
et al., 2002], however, there is also a significant global
warming component [Gillett et al., 2008]. The human influ-
ence is systematic and persistent and can be thought of as the
underlying warming of order 0.6�C since the 1950s while
there are large regional and temporal fluctuations superposed
on this warming by natural variability. Very large anomalies
also existed at this time in Arctic sea ice, and some connec-
tions to the events in Eurasia are suggested in conjunction
with positive Arabian Sea SST anomalies [Sedláček et al.,
2011]. However, if such an influence is present, it is not
evident in the anomalous diabatic heating (Figure 9).
[33] A finding is that discerning the causal interactions

between these events is a considerable challenge given the
shortcomings of many models. A major difficulty is that

Figure 14. For mid-June to mid-August 2010, shown is a map of the velocity potential (color shading) at
250 hPa and the divergent wind component (black arrows). Note that the map wraps around so the RHW
region is duplicated on the left and right. The outflow from the monsoon rain areas, given by the red
arrows, is (i) to the south as the upper branch of the Hadley circulation with subsidence over Australia
and the subtropical Indian Ocean; (ii) to the east as part of the upper branch of the Walker circulation asso-
ciated with the La Niña event so that there is subsidence over the central and eastern Pacific; and (iii) to the
northwest to the region north of the Caspian Sea where the blocking anticyclone and the Russian drought
and heat wave were taking place (labeled RHW for Russian Heat Wave). In the Atlantic/Americas sector,
the main overturning circulation is the monsoon Hadley circulation linking the activity in the Gulf of
Mexico, Caribbean and Colombian region to the drought in Brazil. In the northern hemisphere a quasista-
tionary Rossby wave (wiggly red arrow) is likely forced from the diabatic heating in the tropical Atlantic
and helps determine where the subsidence from the monsoon occurs.

TRENBERTH AND FASULLO: CLIMATE EXTREMES—THE RUSSIAN HEAT WAVE D17103D17103

9 of 12



climate models do not simulate monsoon rains well [Meehl
et al., 2012], or tropical heating more generally, and the
links to Europe and other regions are often poorly captured
as a result. Many climate models cannot replicate the kinds
of patterns seen in Figure 12 [see, e.g., Shin et al., 2010;
Yang and DelSole, 2012]. Moreover, models are deficient in
simulating blocking [Scaife et al., 2010]. We have examined
several runs with the latest versions of the NCAR Commu-
nity Atmospheric Model (CAM) versions 3, 4 and 5 run with
specified SSTs for 2010. The results were judged in terms of
the RHW blocking and the anomalous rainfalls in the tropics
linked to SST anomalies. Only some results from CAM-4
and CCSM-4 are given in Figure 12, very similar results
occur in CAM5 (but the runs available are much shorter).
These models, like many others, tend to place too much
convection over high SSTs in the Arabian Sea especially in
uncoupled runs [Meehl et al., 2012], and in association with
ENSO [Deser et al., 2012]. For the metric in Figure 12, the
CAM4 run for 1979 to 2010 has quite similar patterns, par-
ticularly over Indonesia, Australia and South Pacific basin, to
the much longer (and therefore more statistically significant)
run from 1850 to 2005 of the fully coupled CCSM4. There
are some differences, which relate to the coupling [Meehl
et al., 2012] and CCSM4 has an ENSO cycle that is reason-
able in pattern but overestimated by about 30% of the
observed amplitude [Deser et al., 2012]. In general, monsoon
rainfall is too heavy in the uncoupled run with CAM4, and
monsoon rainfall amounts are generally better simulated with
ocean coupling in CCSM4 [Meehl et al., 2012]. As in
observations (Figure 12), correlations with the Northern
Indian Ocean SSTs of OLR feature a La Niña pattern in the
Pacific, although quite weak in CAM4. They also reveal a
positive relation with the northern part of South America, as
observed. The comparison of observed and modeled shows
quite good agreement here, and it is much better than for
CAM3 and CCSM3 (not shown) and also many other CMIP-3
model runs (not shown). Both CAM4 and CCSM4 runs
reveal a negative correlation over the Mediterranean area,
although weaker than observed and not extending as far north
or east (to the RHW region). It is critical for attribution
studies, such as Dole et al. [2011], to test for model fidelity
relative to the phenomena of importance regarding the salient
interactions before broaching attribution [e.g., Otto et al.,
2012].
[34] Of particular interest from a climate perspective are

the influences external to the atmosphere on the develop-
ments. The blocking anticyclone was not the “cause” of the
heat wave in the sense that it was not external to the atmo-
sphere. Rather it was a key part of the RHW phenomenon.
The question is why the blocking high was so intense and
lasted for 2 months with only minor breaks? The study by
Scaife et al. [2010] demonstrates the importance of the basic
climatology of models in simulating blocking and thus the
diabatic heating and rainfall patterns are important. This is
also suggested by Figure 13.
[35] Natural weather varies widely, but when unusual

persistence occurs it is usually linked to anomalous forcing
of the atmosphere, such as from anomalous SSTs [Trenberth
et al., 1998]. A predominant example is ENSO. Hence an
influence external to the atmosphere (the ocean), puts an
imprint on the atmosphere via anomalous diabatic heating
arising from copious rainfall locked in place by SST patterns.

With the action focused in southern Asia during the Asian
monsoon season of July–August 2010 and in the tropical
Atlantic, owing to La Niña, and very high SSTs in these
regions, abundant moisture was supplied to the Asian land
areas receiving monsoon rains in record amounts. Intense
well above normal rainfalls also occurred over the Bay of
Bengal and Arabian and Caribbean seas.
[36] Here we have presented empirical evidence that

anomalies in the diabatic heating were important in setting
up the anomalous atmospheric circulation pattern. The
resulting teleconnections made some regions favorable for
anticyclones to develop, persist, and redevelop as synoptic
weather events pass through the region, as happened over
Russia (Figure 13). We hypothesize in this case that the
proximate cause of the persistence and intensity of the RHW
external to the atmosphere may have been high SSTs in the
Northern Indian Ocean region [see also Yun et al., 2010] and
in the tropical Atlantic, which undoubtedly contain a global
warming component even though dominated by a natural
variability (ENSO related) component. The uniqueness of
this situation and its event-like nature is related to the
simultaneous SST anomalies in the tropical Atlantic with the
associated Rossby wave propagating across the Atlantic as
well as in the northern Indian Ocean with its enhanced Asian
monsoon circulation. Both regions experienced record high
SSTs.
[37] Meanwhile, in the Atlantic, the absence of competition

from the Pacific and a more favorable wind (and wind shear)
environment led to a vigorous Atlantic hurricane season.
As the ITCZ migrated south, in association with very high
SSTs in the region, it resulted in exceptionally heavy rains
in Colombia. The monsoon and Hadley circulation links to
the dry winter monsoon over South America, in turn, led
to drought in the Amazon in 2010 that was reminiscent of
the drought in 2005 [Xu et al., 2011; Espinoza et al.,
2011] when the all time record breaking Atlantic hurri-
cane season occurred.
[38] For the RHW, given the strong persistent anticyclone,

there are also important feedbacks that come into play that
amplify the drought and heat and set the stage for wildfires.
There is a direct local contribution to the drying and high
temperatures in the absence of evaporative cooling [Trenberth,
2011] in the Russian region that has been quantified by Lau
and Kim [2012].
[39] Increased greenhouse gases add only a small amount

to this directly (order 1 to 2%) [Trenberth, 2012], but they
accumulate over months and powerful feedbacks greatly
amplify the effects. In mid-to-late July 2012, the reduction in
clouds and associated increase in shortwave radiation at the
surface by order 20 W m�2 led to increased surface warm-
ing. Reduced soil moisture led to a reduction in evaporative
latent heat flux of about 10 W m�2 and increased the sen-
sible heat flux by order 15 W m�2 and longwave flux by
about 10 W m�2, as expected with higher surface tempera-
tures. These anomalies in surface fluxes were increased by a
further 25% from late July to mid-August thereby providing
a strong positive amplification of the warming by local
feedbacks [Lau and Kim, 2012]. The feedbacks highlight the
fallacious argument often invoked that global warming can
contribute only 0.6�C (or so since the 1970s; i.e., the global
temperature increase) to the huge temperature anomalies
recorded in Russia. These strong positive feedbacks in
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summer amplify the atmospheric circulation-induced effects
and thereby provide a means by which global warming
likely influenced the RHW as concluded by Rahmstorf and
Coumou [2011].
[40] In the Asian sector, as the northern monsoon faded,

activity began to pick up across Australia, which switched to
become very wet in September, again reflecting the very
high SSTs to the north (second highest on record), associated
abundant moisture and the La Niña conditions. This was a
fore-runner to the heavy rains in Queensland in December
2010 and January 2011 where the southern monsoon rains
kicked in with the presence of very high SSTs (highest
December SSTs on record).
[41] It remains a challenge for climate models to correctly

simulate mean rainfall distributions, and as a result it is even
more of a challenge to reproduce anomalies and associated
teleconnections [Yang and DelSole, 2012], such as those
observed in 2010. However, unless the diabatic heating,
mainly from latent heating in precipitation linked to SST
anomalies, is properly simulated in both its spatial and tem-
poral character, it will likely not be possible to simulate,
predict, or fully attribute blocking events and climate
anomalies such as observed.
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