
I n 2011, East Africa faced a tragic food crisis that  
 led to famine conditions in parts of Somalia and  
 severe food shortages in parts of Ethiopia and 

Somalia. While many nonclimatic factors contrib-
uted to this crisis (high global food prices, politi-
cal instability, and chronic poverty, among others) 
failed rains in both the boreal winter of 2010/11 
and the boreal spring of 2011 played a critical role. 

The back-to-back failures of these rains, which were 
linked to the dominant La Niña climate and warm 
SSTs in the central and southeastern Indian Ocean, 
were particularly problematic since they followed 
poor rainfall during the spring and summer of 2008 
and 2009. In fact, in parts of East Africa, in recent 
years, there has been a substantial increase in the 
number of below-normal rainy seasons, which may 
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be related to the warming of the western Pacific and 
Indian Oceans (for more details, see Funk et al. 2008; 
Williams and Funk 2011; Williams et al. 2011; Lyon 
and DeWitt 2012). The basic argument of this work 
is that recent warming in the Indian–Pacific warm 
pool (IPWP) enhances the export of geopotential 
height energy from the warm pool, which tends to 
produce subsidence across eastern Africa and reduce 
onshore moisture transports. The general pattern of 
this disruption has been supported by canonical cor-
relation analyzes and numerical experiments with the 
Community Atmosphere Model (Funk et al. 2008), 
diagnostic evaluations of reanalysis data (Williams 
and Funk 2011; Williams et al. 2011), and SST-driven 
experiments with ECHAM4.5, ECHAM5, and the 
Community Climate Model version 3 (CCM3.6) 
(Lyon and DeWitt 2012).

An increased frequency of East African droughts. Here 
we present 1979–2010 GPCP data (Adler et al. 2003), 
augmented by 2011 estimates based on the Climate 
Prediction Center's RFE2 (Xie and Arkin 1997) 
dataset (the RFE2 data were regressed against the 
GPCP data and used to fill in 2011, which is not in-
cluded in the current GPCP archive). 

Dry areas, based in the 1999–2011 anomalies, were 
identified for the March–June and June–September 
seasons. These regions are shown with brown 
(March–June) and blue (June–September) polygons 
in Fig. 6a. The background shading in Fig. 6a shows 
2005 Gridded Population of the World population 
densities. The region impacted is one of the most 
densely populated areas of Africa. The population 

density and population for the March–June region 
shown in Fig. 6a are 44 people km–2 and 28.5 million 
people. The population density and population of 
the June–September dry region is 49 people km–2 
and 30.5 million people. These regions also have 
large chronically undernourished and food-insecure 
populations. As Fig. 6b shows, these highly vulnerable 
regions have experienced a large number of below-
normal rainfall seasons, especially since 1999.

Has ocean warming led to decreased East African rainfall 
during La Niña episodes? While the La Niña event of 
2010/11 played a central role in triggering the 2010/11 
food crisis, it is impossible to unambiguously attri-
bute a single event to anthropogenic climate change. 
There has been recent research, however, that has 
emphasized that the long-term trend in IPWP SSTs 
(Williams and Funk 2011), rainfall, and winds could 
interact dangerously with interannual La Niña cli-
mate events. The latter observation helped trigger 
effective early warning of the 2011 East African 
food crisis (Ververs 2012; Funk 2011). More recent 
SST-driven climate simulations have emphasized the 
important role of post-1999 warming in the Pacific 
in driving the 2011 drought (Lyon and DeWitt 2012). 

How much has the IPWP been warming? Figure 7 
shows the recent IPWP warming, as measured by 
SSTs and an air temperature index. Also shown is a 
new CMIP5 multimodel ensemble IPWP SST average, 
based on 55 simulations from five models running 
the historical climate experiment (Taylor et al. 2011). 
In the historical experiment models are initialized in 

Fig. 6. (a) 2005 gridded population of the world overlain with polygons showing locations where recent 
GPCP rainfall values have declined substantially. (b) Time series of GPCP March–June and June–
September rainfall anomalies (%) for these locations.
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1850, and the coupled ocean–atmosphere models run 
through 2005, with the primary forcing being changes 
in greenhouse gases and aerosols. Annual 2001–11 
IPWP SSTs have been very warm (Fig. 7), 28.4°C, 
which is 0.7°C greater than their 1900–50 mean. The 
interannual variability in the IPWP SST time series 
is very low (0.25°C). A 0.7°C increase represents a 
large change, vis-à-vis the IPWPs historic variability, 
as measured by the 1890–1970 standard deviation of 
decadal SSTs (0.10°C). 

We can confirm the exceptional warming in 
the IPWP with an independent index we com-
puted by averaging selected long-running GHCN 
v3 (Lawrimore et al. 2011) air temperature stations.3 
The 2001–11 air temperature index recorded a 0.5°C 
increase since 1950, a large increase when compared 
with the 1890–1970 standard deviation of decadal 
averages of the air temperature index. Both SSTs 
and terrestrial station data converge on substantial 
warming.

Between 1864 and 2011, 10-yr running averages 
of the IPWP SSTs are highly correlated with global 
National Aeronautics and Space Administration 
(NASA) Goddard Institute for Space Studies (GISS) 
(Hansen et al. 2010) temperatures (r = 0.99; Fig. 7). 
Over the past 160 years, the simulated IPWP SSTs 
have also covaried strongly with the simulated global 
temperatures in the CMIP5 archive. While formal at-
tribution studies have been made for the southern and 
northern Indian and Pacific Oceans (Barnett et al. 
2005; Pierce et al. 2006), specific attribution of the 
IPWP has not been made. It is interesting, however, 
to note how closely the magnitude of warming in the 
12-member CMIP5 ensemble matches the observa-
tions (Fig. 7). 

Conclusions. The ~0.7°C IPWP warming, given the 
already warm state of the region, is likely to have had 
substantial dynamic impacts, as supported by recent 
modeling experiments (Lyon and DeWitt 2012). The 
relationship between rainfall and SSTs is nonlinear. 
Between 26° and 29°C average rainfall rates increase 
by a factor of 5, and observational studies based on 
GPCP data suggest that a change from mean SSTs of 
27.7°–28.4°C might be associated with a change of 
rainfall rates from 3.4 to 5.5 mm day–1 (Folkins and 

Braun 2002); and this rate of change is similar to re-
cent analyzes of GPCP data within the rising portion 
of the Pacific Walker circulation, which identified an 
increase of ~1 mm day–1 decade–1 (Zhou et al. 2011). 

It is interesting to note that while SST-driven 
simulations of the 2011 March–May (MAM) season 
clearly show the important role played by the warm 
western Pacific (Lyon and DeWitt 2012), and while 
the new CMIP5 SSTs exhibit substantial warming 
during the 1990s and 2000s, these increasing SSTs do 
not appear to produce corresponding large changes 
in evaporation or rainfall over eastern Africa or the 
IPWP oceans. While Held and Soden (2006) suggested 
that the coupled models’ weak hydrologic response 
to warming could help explain their predictions of a 
weakening of Walker circulation and more El Niño–
like weather, recent observations indicate increases in 
evaporation and rainfall (Yu and Weller 2006; Zhou 
et al. 2011). An intensification of these hydrologic 
responses and the southeast trade winds across the 
Pacific, potentially associated with more La Niña-like 
climate, might help explain the differences between 
the observations and model projections. In any event, 
recent research has suggested that continued warming 
in the IPWP will likely contribute to more frequent 
East African droughts during the boreal spring and 
summer (Funk et al. 2008; Williams et al. 2011).

Fig. 7. Long time series of smoothed temperature 
indices for the IPWP CMIP5 SSTs, IPWP National 
Oceanic and Atmospheric Administration (NOAA) 
extended v3 SSTs, NASA GISS global air tempera-
tures, Wilson tropical coral SST reconstruction, and 
a GHCN IPWP air temperature index.

3 Bombay/Mombassa, Madras, Port Blair, Mannar, Trincomalee, Puttalam, Colombo, Nuwara Eliya, and Sandaka.

1051july 2012AMERICAN METEOROlOGICAl SOCIETy |



RefeRences
Adler, R. F., and Coauthors, 2003: The Version 2.1 

Global Precipitation Climatology Project (GPCP) 
monthly precipitation analysis (1979–present).  
J. Hydrometeor., 4, 1147–1167.

Aguilar, E., and Coauthors, 2009: Changes in temperature 
and precipitation extremes in western central Africa, 
Guinea Conakry, and Zimbabwe, 1955–2006. J. 
Geophys. Res. 114, D02115, doi:10.1029/2008JD011010.

Alexander, L. V., and Coauthors, 2006: Global observed 
changes in daily climate extremes of temperature 
and precipitation. J. Geophys. Res., 111, D05109, 
doi:10.1029/2005JD006290.

Allen, M. R., 1999: Do-it-yourself climate prediction. 
Nature, 401, 642.

—, and W. J. Ingram, 2002: Constraints on future 
changes in climate and the hydrologic cycle. Nature, 
419, 224–232.

Arndt, D. S., M. O. Baringer, and M. R. Johnson, Eds., 
2010: State of the Climate in 2009. Bull. Amer. Meteor. 
Soc., 91, S1–S224.

Arribas, A., and Coauthors, 2011: The GloSea4 ensemble 
prediction system for seasonal forecasting. Mon. 
Wea. Rev., 139, 1891–1910.

Atlas, R., N. Wolfson, and J. Terry, 1993: The effect of 
SST and soil moisture anomalies on GLA model 
simulations of the 1988 U.S. summer drought. J. 
Climate, 6, 2034–2048.

Barnett, T. P., D. W. Pierce, K. M. AchutaRao, P. J. 
Glecker, J. M. Gregory and W. M. Washington, 2005: 
Penetration of human-induced warming into the 
world’s oceans. Science, 309, 284–287.

Blunden, J., and D. S. Arndt, Eds., 2012: State of the 
Climate in 2011. Bull. Amer. Meteor. Soc., 93 (7), 
S1–S264.

Cattiaux, J., R. Vautard, C. Cassou, P. Yiou, V. Masson-
Delmotte, and F. Codron, 2010a: Winter 2010 in 
Europe: A cold extreme in a warming climate. Geophys. 
Res. Lett., 37, L20704, doi:10.1029/2010GL044613.

—, —, and P. Yiou, 2010b: North-Atlantic SST 
amplified recent wintertime European land tem-
perature extremes and trends. Climate Dyn., 36, 
2113–2128, doi:10.1007/s00382-010-0869-0.

Chen, C.-T., and T. Knutson, 2008: On the verification 
and comparison of extreme rainfall indices from 
climate models. J. Climate, 21, 1605–1621.

Choi, G., and Coauthors 2009: Changes in means and 
extreme events of temperature and precipitation in 
the Asia-Pacific Network region, 1955-2007. Int. J. 
Climatol., 29, 1956–1975.

Christidis, N., P. A. Stott, S. Brown, G. Hegerl, and 
J. Caesar, 2005: Detection of changes in tem-
perature extremes during the second half of the 
20th century. Geophys. Res. Lett., 32, L20716, 
doi:10.1029/2005GL023885.

—, —, F. W. Zwiers, H. Shiogama, and T. Nozawa, 
2010: Probabilistic estimates of recent changes in tem-
perature: A multi-scale attribution analysis. Climate 
Dyn., 34, 1139–1156, doi:10.1007/s00382-009-0615-7.

Coles, S., 2001: An Introduction to Statistical Modeling 
of Extreme Values. Springer Verlag, 208 pp.

Crutzen, P. J., 2002: Geology of mankind. Nature, 415, 
23, doi:10.1038/415023a.

Dole, R., and Coauthors, 2011: Was there a basis for 
anticipating the 2010 Russian heat wave? Geophys. 
Res. Lett., 38, L06702, doi:10.1029/2010GL046582.

Field, C. B., and Coauthors, Eds., 2012: Managing the 
Risks of Extreme Events and Disasters to Advance 
Climate Change Adaptation: Summary for Policy-
makers. A Special Report of Working Groups I and II 
of the Intergovernmental Panel on Climate Change, 
19 pp. [Available online at http://ipcc-wg2.gov/SREX 
/images/uploads/SREX-SPMbrochure_FINAL.pdf.]

Fischer, E.M., S.I. Seneviratne, P.L. Vidale, D. Lüthi, and 
C. Schär, 2007: Soil moisture–atmosphere interac-
tions during the 2003 European summer heatwave. 
J. Climate, 20, 5081–5099.

1064 july 2012|

http://dx.doi.org/10.1029/2008JD011010
http://dx.doi.org/10.1029/2005JD006290
http://dx.doi.org/10.1029/2010GL044613
http://dx.doi.org/10.1007/s00382-010-0869-0
http://dx,doi.org/10.1029/2005GL023885
http://dx.doi.org/10.1007/s00382-009-0615-7
http://dx.doi.org/10.1038/415023a
http://dx.doi.org/10.1029/2010GL046582
http://ipcc-wg2.gov/SREX
/images/uploads/SREX-SPMbrochure_FINAL.pdf
http://ipcc-wg2.gov/SREX
/images/uploads/SREX-SPMbrochure_FINAL.pdf


Folkins, I., and D. Braun, 2002: Tropical rainfall 
and boundary layer moist entropy. J. Climate, 16, 
1807–1820.

Funk, C., 2011: We thought trouble was coming. Nature, 
476, 7.

—, M. D. Dettinger, J. C. Michaelsen, J. P. Verdin, 
M. E. Brown, M. Barlow, and A. Hoell, 2008: Warm-
ing of the Indian Ocean threatens eastern and south-
ern African food security but could be mitigated by 
agricultural development. Proc. Natl. Acad. Sci. USA, 
105, 11 081–11 086. 

Gleason, K. L., J. H. Lawrimore, D. H. Levinson, T. R. 
Karl, and D. J. A. Karoly, 2008: A revised U.S. climate 
extremes index. J. Climate, 21, 2124–2137.

Gordon, C., C. Cooper, C. A. Senior, H. Banks, J. M. 
Gregory, T. C. Johns, J. F. B. Mitchell, and R. A. 
Wood, 2000: The simulation of SST, sea ice extents 
and ocean heat transports in a version of the Hadley 
Centre coupled model without f lux adjustments. 
Climate Dyn., 16, 147–168.

Graham, R., and Y. Biot, 2011: Targeting climate re-
search and services to development needs in Africa: 
The DFID-Met Office Hadley Centre Climate Sci-
ence Research Partnership (CSRP). Proc. First Conf. 
on Climate Change and Development in Africa, 
Addis Ababa, Ethiopia, African Climate Policy 
Center, 1.1.2. [Available online at www.uneca.org 
/acpc/ccda/ccda1/index.htm.]

Groisman, P. Ya., R. W. Knight, D. R. Easterling, T. R. 
Karl, G. C. Hegerl, and Vy. N. Razuvaev, 2005: Trends 
in intense precipitation in the climate record. J. 
Climate, 18, 1326–1350. 

Hansen, J., R. Ruedy, M. Sato, and K. Lo, 2010: Global 
surface temperature change. Rev. Geophys., 48, 
RG4004, doi:10.1029/2010RG000345.

Hegerl, G. C., O. Hoegh-Guldberg, G. Casassa, M. P. 
Hoerling, R. S. Kovats, C. Parmesan, D. W. Pierce, 
and P. A. Stott, 2010: Good practice guidance paper 
on detection and attribution related to anthropogenic 
climate change. IPCC Expert Meeting on Detection 
and Attribution Related to Anthropogenic Climate 
Change, T. F. Stocker et al. Eds., Intergovernmental 
Panel on Climate Change, 1–8.

—, H. Hanlon, and C. Beierkuhnlein, 2011: Elusive 
extremes. Nature Geosci., 4, 142–143.

Held, I. M., and B. J. Soden, 2006: Robust responses of 
the hydrological cycle to global warming. J. Climate, 
19, 5686–5699.

Hong, S-Y., and E. Kalnay, 2000: Role of sea-surface 
temperature and soil-moisture feedback in the 1998 
Oklahoma–Texas drought. Nature, 408, 842–844.

Hulme, M., 2011: Is weather event attribution necessary 
for adaptation? Science, 334, 764–765.

Ineson, S., A. A. Scaife, J. R. Knight, J. C. Manner, N. J. 
Dunstone, L. J. Gray and J. D. Haigh, 2011: Solar 
forcing of winter climate variability in the Northern 
Hemisphere. Nature Geosci., 4, 753–757.

Jones, R. G., M. Noguer, D. C. Hassell, D. Hudson, S. S. 
Wilson, G. J. Jenkins, and J. F. B Mitchell, 2004: 
Generating high resolution climate change scenarios 
using PRECIS. Met Office Hadley Centre, 40 pp.

Karl, T. R., and R. W. Knight, 1998: Secular trends of 
precipitation amount, frequency, and intensity in the 
USA. Bull. Amer. Meteor. Soc., 79, 231–241.

—, G. A. Meehl, C. D. Miller, S. J. Hassol, A. M. Waple, 
and W. L. Murray, Eds., 2008: Weather and Climate 
Extremes in a Changing Climate. Regions of Focus: 
North America, Hawaii, Caribbean, and U.S. Pacific 
Islands. Department of Commerce, NOAA’s National 
Climatic Data Center, 164 pp.

Kenyon, J., and G. C. Hegerl, 2008: The influence of 
ENSO, NAO, and NPI on global temperature ex-
tremes. J. Climate, 21, 3872–3889. 

—, and —, 2010: Influence of modes of climate vari-
ability on global precipitation extremes. J. Climate, 
23, 6248–6262.

Kim, H.-I., B. Wang, and Q. Ding, 2008: The global 
monsoon variability simulated by CMIP3 coupled 
climate models. J. Climate, 21, 5271–5294.

Kistler, R., and Coauthors, 2001: The NCEP–NCAR 50-
Year Reanalysis. Bull. Amer. Meteor. Soc., 82, 247–268.

Klein-Tank, A., and Coauthors, 2002: Daily dataset of 
20th-century surface air temperature and precipita-
tion series for the European Climate Assessment. 
Int. J. Climatol., 22, 1441–1453, doi:10.1002/joc.773.

Knutson, T. R., and Coauthors, 2010: Tropical cyclones 
and climate change. Nature Geosci., 3, 157–163.

Krivova, N., L. Balmaceda, and S. Solanki, 2007: 
Reconstruction of solar total irradiance since 1700 
from the surface magnetic flux. Astron. Astrophys., 
467, 335–346. 

Kunkel, K. E., T. R. Karl, and D. R. Easterling, 2007:  
A Monte Carlo assessment of uncertainties in heavy 
precipitation frequency variations. J. Hydrometeor., 
8, 1152–1160.

Lawrimore, J. H., M. J. Menne, B. E. Gleason, C. N. 
Williams, D. B. Wuertz, R. S. Vose, and J. Rennie, 
2011: An overview of the Global Historical Cli-
matology Network monthly mean temperature 
data set, version 3. J. Geophys. Res., 116, D19121, 
doi:10.1029/2011JD016187.

Lockwood, M., M. J. Owens, L. Barnard, C. J. Davis, 
and F. Steinhilber, 2011: The persistence of solar 
activity indicators and the descent of the Sun into 
Maunder Minimum conditions. Geophys. Res. Lett., 
38, L22105, doi:10.1029/2011GL049811.

1065july 2012AMERICAN METEOROlOGICAl SOCIETy |

http://www.uneca.org
/acpc/ccda/ccda1/index.htm
http://www.uneca.org
/acpc/ccda/ccda1/index.htm
http://dx.doi.org/10.1029/2010RG000345
http://dx.doi.org/10.1002/joc.773
http://dx.doi.org?10.1029/2011JD016187
http://dx.doi.org/10.1029/2011GL049811


Lorenz, E., 1969: Atmospheric predictability as revealed 
by naturally occurring analogues. J. Atmos. Sci., 26, 
636–646.

Lyon, B., and D. G. DeWitt, 2012: A recent and abrupt 
decline in the East African long rains. Geophys. Res. 
Lett., 39, L02702, doi:10.1029/2011GL050337.

Mahlstein, I., R. Knutti, S. Solomon, and R. W. 
Portmann, 2011: Early onset of significant local 
warming in low latitude countries. Environ. Res. 
Lett., 6, 034009, doi:10.1088/1748-9326/6/3/034009.

Manley, G., 1974: Central England temperatures: 
Monthly means 1659 to 1973. Quart. J. Roy. Meteor. 
Soc., 100, 389–405.

Massey, N., and Coauthors, 2006: Data access and 
analysis with distributed federated data servers in 
climateprediction.net. Adv. Geosci., 8, 49–56.

Mastrandrea, M. D., and Coauthors, 2010: Guidance 
Note for Lead Authors of the IPCC Fifth Assessment 
Report on Consistent Treatment of Uncertainties. 
Intergovernmental Panel on Climate Change, 4 pp. 
[Available online at www.ipcc.ch.]

McCabe, G. J., M. A. Palecki and J. L. Betancourt, 2004: 
Pacific and Atlantic Ocean inf luences on multi-
decadal drought frequency in the United States. Proc. 
Natl. Acad. Sci. USA., 101, 4136–4141.

Meehl, G. A., cited 2012: As animated in steroids, 
baseball, and climate change: What do home runs 
and weather extremes have in common? UCAR 
video. [Available online at http://www2.ucar.edu 
/atmosnews/attribution/steroids-baseball-climate-
change.]

—, C. Tebaldi, G. Walton, D. Easterling, and L. 
McDaniel, 2009: Relative increase in record high 
maximum temperatures compared to record low 
minimum temperatures in the U.S. Geophys. Res. 
Lett., 36, L23701, doi:10.1029/2009GL040736.

Min, S.-K., X. Zhang, F. W. Zwiers, and G. C. Hegerl, 
2011: Human contribution to more intense precipita-
tion extremes. Nature, 470, 378–381.

Morak, S., G. C. Hegerl, and J. Kenyon, 2011: De-
tectable regiona l changes in the number of 
warm nights. Geophys. Res. Lett., 38, L17703, 
doi:10.1029/2011GL048531.

—, —, and N. Christidis, 2012: Detectable changes 
in temperature extremes. J. Climate, submitted.

Nakicenovic, N., and R. Swart, Eds., 2000: Emissions 
Scenarios. Cambridge University Press, 570 pp. 

Nature Publishing Group, 2011: Heavy weather. Nature, 
477, 131–132, doi:10.1038/477131b.

Otto, F. E. L., N. Massey, G. J. van Oldenborgh, R. G. Jones, 
and M. R. Allen, 2012: Reconciling two approaches to 
attribution of the 2010 Russian heat wave. Geophys. 
Res. Lett., 39, L04702, doi:10.1029/2011GL050422. 

Pall, P., T. Aina, D. A. Stone, P. A. Stott, T. Nozawa, 
A. G. J. Hilberts, D. Lohmann, and M. R. Allen, 2011: 
Anthropogenic greenhouse gas contribution to flood 
risk in England and Wales in autumn 2000. Nature, 
470, 382–385, doi:10.1038/nature09762.

Palmer, T. N., and C. Brankovic, 1989: The 1988 United 
States drought linked to anomalous sea surface tem-
perature. Nature, 338, 54–57.

Perlwitz, J., M. Hoerling, J. Eischeid, T. Xu, and 
A. Kumar,  20 09:  A st rong bout of natura l 
cooling in 2008. Geophys. Res. Lett., 36, L23706, 
doi:10.1029/2009GL041188.

Peterson, T. C., X. Zhang, M. Brunet-India, and J. L. 
Vázquez-Aguirre, 2008: Changes in North American 
extremes derived from daily weather data. J. Geophys. 
Res., 113, D07113, doi:10.1029/2007JD009453.

Pierce, D. W., T. P. Barnett, K. M. AchutaRao, P. J. 
Gleckler, J. M. Gregory and W. M. Washington, 2006: 
Anthropogenic warming of the oceans : Observa-
tions and model results. J. Climate, 19, 1973–1899.

Pope, V., M. Gallani, P. Rowntree, and R. Stratton, 2000: 
The impact of new physical parameterizations in the 
Hadley Centre climate model: HadAM3. Climate 
Dyn., 16, 123–146. 

Rahmstorf, S., and D. Coumou, 2011: Increase of extreme 
events in a warming world. Proc. Natl. Acad. Sci. USA, 
108, 17 905–17 909, doi:10.1073/pnas.1101766108.

Rayner, N. A., D. E. Parker, E. B. Horton, C. K. Folland, 
L. V. Alexander, D. P. Rowell, E. C. Kent, and  
A. Kaplan, 2003: Global analyses of sea surface tem-
perature, sea ice, and night marine air temperature 
since the late nineteenth century. J. Geophys. Res., 
108, 4407, doi:10.1029/2002JD002670.

Robock, A., 2000: Volcanic eruptions and climate. Rev. 
Geophys., 38, 191–219, doi:10.1029/1998RG000054.

Santer, B. D., and Coauthors, 2007: Identification of 
human-induced changes in atmospheric moisture 
content. Proc. Natl. Acad. Sci. USA, 104, 15 248–15 253.

Sato, M., cited 2011: Forcings in GISS climate model: 
Stratospheric aerosol optical thickness. [Available 
online at http://data.giss.nasa.gov/modelforce/strataer/.] 

Schiermeier, Q., 2011: Climate and weather: Extreme 
measures. Nature, 477, 148–149, doi:10.1038/477148a.

Schneider, U., A. Becker, A. Meyer-Christoffer,  
M. Ziese, and B. Rudolf, cited 2011: Global pre-
cipitation analysis products of the GPCC. [Available 
online at ftp://ftp-anon.dwd.de/pub/data/gpcc/PDF 
/GPCC_intro_products_2008.pdf.]

Schubert, S., and Coauthors, 2009: A USCLIVAR project 
to assess and compare the responses of global climate 
models to drought-related SST forcing patterns: 
Overview and results. J. Climate, 22, 5251–5272, 
doi:10.1175/2009JCLI3060.1.

1066 july 2012|

http://dx.doi.org/10.1029/2011GL050337
http://dx.doi.org/10.1088/1748-9326/6/3/034009
http://www.ipcc.ch
http://www2.ucar.edu
/atmosnews/attribution/steroids-baseball-climate-change
http://www2.ucar.edu
/atmosnews/attribution/steroids-baseball-climate-change
http://www2.ucar.edu
/atmosnews/attribution/steroids-baseball-climate-change
http://dx.doi.org/10.1029/2009GL040736
http://dx.doi.org/10.1029/2011GL048531
http://dx.doi.org/10.1038/477131b
http://dx.doi.org/10.1029/2011GL050422
http://dx.doi.org/10.1038/nature09762
http://dx.doi.org/10.1029/2009GL041188
http://dx.doi.org/10.1029/2007JD009453
http://dx.doi.org/10.1073/pnas.1101766108
http://dx.doi.org/10.1029/2002JD002670
http://dx.doi.org/10.1029/1998RG000054
http://data.giss.nasa.gov/modelforce/strataer/
http://dx.doi.org/10.1038/477148a
http://dx.doi.org/10.1175/2009JCLI3060.1


Seneviratne S.I., T. Corti, E.L. Davin, M. Hirschi, E. Jaeger, 
I. Lehner, B. Orlowsky, and A.J. Teuling, 2010: Investi-
gating soil moisture-climate interactions in a changing 
climate: A review. Earth Sci. Rev., 99, 125–161

—, and Coauthors, 2012: Changes in climate extremes 
and their impacts on the natural physical environ-
ment. Managing the Risks of Extreme Events and Di-
sasters to Advance Climate Change Adaptation, C. B. 
Field et al., Eds., Cambridge University Press, 109–230.

Stott, P. A., D. A. Stone, and M. R. Allen, 2004: Human 
contribution to the European heatwave of 2003. 
Nature, 432, 610–614, doi:10.1038/nature0308.

—, and Coauthors, 2011: Attribution of weather and 
climate-related extreme events. Climate Science for Serv-
ing Society: Research, Modelling and Prediction Priori-
ties, J. W. Hurrell and G. Asrar, Eds., Springer, in press.

Swiss Re, 2011: Swiss Re provides estimate of its claims 
costs from Thailand flood. Swiss Re news release, 6 
December 2011.) [Available online at www.swissre.com 
/media/news _releases/Sw iss _ Re _prov ides _
estimate_of_its_claims_costs_from_Thailand_
flood.html.]

Taylor, K. E., R. J. Stouffer, and G. A. Meehl, cited 
2011: A summary of the CMIP5 experiment design. 
[Available online at http://cmip-pcmdi.llnl.gov/cmip5 
/docs/Taylor_CMIP5_design.pdf.]

—, —, and —, 2012: An overview of the CMIP5 
experimental design. Bull. Amer. Meteor. Soc., 93, 
485–498.

Trenberth, K. E., 2011: Attribution of climate varia-
tions and trends to human influences and natural 
variability. WIREs Climate Change, 2, 925–930, 
doi:10.1002/wcc.142.

—, G. W. Branstator, and P. A. Arkin, 1988: Origins 
of the 1988 North American drought. Science, 242, 
1640–1645.

—, A. Dai, R. M. Rasmussen, and D. B. Parsons, 2003: 
The changing character of precipitation. Bull. Amer. 
Meteor. Soc., 84, 1205–1217.

Van Oldenborgh, G. J., 2007: How unusual was 
autumn 2006 in Europe? Climate Past, 3, 659–668, 
doi:10.5194/cp-3-659-2007.

—, G. Burgers, and A. K. Tank, 2000: On the El Niño 
teleconnection to spring precipitation in Europe. Int. 
J. Climatol., 20, 565–574.

Vautard, R., and P. Yiou, 2009: Control of recent 
European surface cl imate change by atmo-
spheric f low. Geophys. Res. Lett., 36, L22702, 
doi:10.1029/2009GL040480.

—, and Coauthors, 2007: Summertime European 
heat and drought waves induced by wintertime 
Mediterranean rainfall deficit. Geophys. Res. Lett., 
34, L07711, doi:10.1029/2006GL028001.

Ververs, M. J., 2012: The East African food crisis: Did re-
gional early warning systems function? J. Nutrition, 
142, 131–133, doi:10.3945/jn.111.150342.

Willett, K. M., P. D. Jones, N. P. Gillett, and P. W. 
Thorne, 2007: Attribution of observed surface hu-
midity changes to human influence. Nature, 449, 
710–713, doi:10.1038/nature06207.

Williams, P., and C. Funk, 2011: A westward extension 
of the warm pool leads to a westward extension 
of the Walker circulation, drying eastern Africa. 
Climate Dyn., 37, 2417–2435. [Available online at 
www.springerlink.com/content/u0352236x6n868n2 
/fulltext.pdf.]

—, and Coauthors, 2011: Recent summer precipitation 
trends in the Greater Horn of Africa and the emerging 
role of Indian Ocean sea surface temperature. Climate 
Dyn., in press, doi:10.1007/s00382-011-1222-y. 

World Bank, 2011: The World Bank supports Thailand's 
post-f loods recovery effort. (Posted 13 December 
2011.) [Available online at http://go.worldbank.org 
/TCFEHXJML0.]

Xie, P., and P. A. Arkin, 1997: Global precipitation: A 17-
year monthly analysis based on gauge observations, 
satellite estimates, and numerical model outputs. 
Bull. Amer. Meteor. Soc., 78, 2539–2558. 

Yiou, P., R. Vautard, P. Naveau, and C. Cassou, 2007: 
Inconsistency between atmospheric dynamics and 
temperatures during the exceptional 2006/2007 
fall/winter and recent warming in Europe. Geophys. 
Res. Lett., 34, L21808, doi:10.1029/2007GL031981.

Yu, L., and R. A. Weller, 2006: Objectively analyzed 
air-sea heat f luxes for the global ice-free oceans 
(1981–2005). J.  Geophys. Res .,  111,  C10007, 
doi:10.1029/2005JC003188.

Zhang, X., J. Wang, F. W. Zwiers, and P. Ya. Groisman, 
2010: The influence of large-scale climate variability 
on winter maximum daily precipitation over North 
America. J. Climate, 23, 2902–2915.

Zhou, Y. P., K. M. Xu, Y. C. Sud, and A. K. Betts, 2011: 
Recent trends of the tropical hydrological cycle 
inferred from Global Precipitation Climatology 
Project and International Satellite Cloud Clima-
tology Project data. J. Geophys. Res., 116, D09101, 
doi:10.1029/2010JD015197.

Zolina, O., C. Simmer, S. K. Gulev, and S. Kollet, 
2010: Changing structure of European precipita-
tion: Longer wet periods leading to more abun-
dant rainfalls. Geophys. Res. Lett. 37, L06704, 
doi:10.1029/2010GL042468.

Zwiers, F. W., X. Zhang and Y. Feng, 2011: Anthropogenic 
influence on long return period daily temperature 
extremes at regional scales. J. Climate, 24, 881–892, 
doi:10.1175/2010JCLI3908.1.

1067july 2012AMERICAN METEOROlOGICAl SOCIETy |

http://dx.doi.org/10.1038/nature0308
http://www.swissre.com
/media/news_releases/Swiss_Re_provides_estimate_of_its_claims_costs_from_Thailand_flood.html
http://www.swissre.com
/media/news_releases/Swiss_Re_provides_estimate_of_its_claims_costs_from_Thailand_flood.html
http://www.swissre.com
/media/news_releases/Swiss_Re_provides_estimate_of_its_claims_costs_from_Thailand_flood.html
http://www.swissre.com
/media/news_releases/Swiss_Re_provides_estimate_of_its_claims_costs_from_Thailand_flood.html
http://cmip-pcmdi.llnl.gov/cmip5
/docs/Taylor_CMIP5_design.pdf
http://cmip-pcmdi.llnl.gov/cmip5
/docs/Taylor_CMIP5_design.pdf
http://dx.doi.org/10.1002/wcc.142
http://dx.doi.org/10.5194/cp-3-659-2007
http://dx.doi.org/10.1029/2009GL040480
http://dx.doi.org/10.1029/2006GL028001
http://dx.doi.org/10.3945/jn.111.150342
http://dx.doi.org/10.1038/nature06207
http://www.springerlink.com/content/u0352236x6n868n2
/fulltext.pdf
http://www.springerlink.com/content/u0352236x6n868n2
/fulltext.pdf
http://dx.doi.org/10.1007/s00382-011-1222-y
http://go.worldbank.org
/TCFEHXJML0
http://go.worldbank.org
/TCFEHXJML0
http://dx.doi.org/10.1029/2007GL031981
http://dx.doi.org/10.1029/2005JC003188
http://dx.doi.org/10.1029/2010JD015197
http://dx.doi.org/10.1029/2010GL042468
http://dx.doi.org/10.1175/2010JCLI3908.1

	Explain 9
	Explain 10
	Explain 11
	References
	Explain 24
	Explain 25
	Explain 26
	Explain 27


