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Motivations: I 

• The 2010-2011 East African drought

• The 2010 below-normal short 
rains (OND rains): expected in 
a La Nina year

• The 2011below-normal long 
rains (MAM rains): no clear 
forcings

• Might be associated with drying 
trend in recent decades (Williams 
et al. 2011, Lyon et al. 2012)

• What is the characteristic of the 
East African long rains in longer 
time scale, i.e. decadal variability?

Ocean. We note that MAM rainfall anomalies in this region
(from GPCP) are not significantly correlated with local SSTs
(see contours in Figure 1a) but they are significantly corre-
lated (p < 0.05) with anomalous, low-level zonal flow (see
auxiliary material).1 Thus, we hypothesize the enhanced
rainfall in the northern Indian Ocean is a dynamical, regional
response and not just a direct result of increasing, local
SSTs. The leading mode (explaining 16.3% of total vari-
ance) from an empirical orthogonal function (EOF) analysis
of GPCP MAM precipitation anomalies has a loading pat-
tern (Figure 2a) with similar spatial structure to Figure 1b.
The associated principal component (PC) time series
(Figure 2b) shows an abrupt jump in 1999, with generally
positive values afterwards. This time series is negatively
correlated with our East Africa rainfall index (r = !0.50,

p < 0.01). While Figure 2 does not necessarily indicate
abrupt shifts in precipitation occurred across the entire
domain in 1999, a shift in the overall large-scale pattern
is clearly evident.
[5] A coherent large-scale precipitation anomaly pattern

thus appears to have accompanied the abrupt decline in long
rains precipitation and this pattern has been a recurrent fea-
ture of MAM precipitation during the post-1999 period. Is
there evidence for coherent, large-scale changes in the state
of the global oceans since 1999? Figure 3a shows the stan-
dardized, MAM SST anomalies (1971–2000 base period)
averaged over the period 1999–2010 obtained from the
“ERSSTv3b” dataset [Smith et al., 2008]. Interestingly,
across much of the eastern North Pacific SSTs have been
below average while in the western Pacific they have been
exceptionally high (average anomalies as much as 1.5 stan-
dard deviations above the long-term mean for the 13-year
period). Tropical Indian and Atlantic Ocean SSTs have also
been well above average for the period. Of course, the SST
anomalies in Figure 3a contain contributions from variability
occurring on many time scales, including interannual,
decadal, and long-term trends. For example, a shift towards a
warmer tropical Atlantic is reported to have occurred in
1995 [e.g., Trenberth and Shea, 2006] and there is some
evidence that decadal variations in the Pacific have resulted
in a cooler eastern Pacific SSTs since 1998 although indi-
cators monitoring this low frequency behavior have not been
consistently negative over the period [Bond et al., 2003].
[6] An EOF analysis of the MAM SST anomaly field for

the period 1950–2011 (globally, from 30°S to 30°N) was
performed based on the ERSSTv3b data. The leading EOF
(Figure 3a), explaining over 33% of total variance, is asso-
ciated with a long-term trend (Figure 3d) in SSTs across
much of the tropics (with large loadings over the central
Indian Ocean). The second mode (Figure 3c), explaining
over 15% of total variance, has oppositely-signed loadings

Figure 1. (a) MAM 2011 precipitation anomalies (mm/
day) from the CAMSOPI dataset (shaded) and correlation
between MAM GPCP rainfall and ERSST SST anomalies
(contours, ∣r∣ > 0.3 is statistically significant). (b) Anomalous
MAM rainfall (from GPCP; mm/day) and 850hPa vector
wind (from NCEP Reanalysis; vector reference in lower-
right, units ms-1) for the period 1999–2009. Only statistically
significant (p < 0.10) values (for winds, at least one com-
ponent) plotted. (c) Time series of MAM precipitation
departures from a 1979–2010 base period average (mm)
averaged across land areas of East Africa (10°S-12°N,
30°E-52°E) from GPCC, GPCP, and CAMSOPI.

Figure 2. (a) Loadings for the leading mode of MAM pre-
cipitation anomalies obtained from EOF analysis of GPCP
data for 1979–2009 (dimensionless). (b) Principal compo-
nent time series for the MAM leading mode from GPCP
(solid) and CAMSOPI (dashed) (dimensionless). Pattern
correlation between loadings for GPCP and CAMSOPI
(not shown) is 0.87.

1Auxiliary materials are available in the HTML. doi:10.1029/
2011GL050337.
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Motivations: II

• A contrast between CMIP5 
model projections and the 
long rains trends in recent 
decades

• CMIP5 model 
projections: wetting

• Trends over the last 
three decades: drying 

• Can we trust the model 
projections?



Key Questions

• What is the characteristic of the decadal variability 
of the East African long rains in the observations? 

• What is the relationship with the observational 
SSTs? 

• Are the simulations from the SST-forced models 
and the fully coupled models able to capture the  
these features? 

• What does that imply for the model projections of 
the East African long rains in the near future? 



Data and Models

• Precipitation: GPCC, GPCP, CMAP

• SST: ERSST

• IRI forecast models (SST-forced): 
ECHAM4.5, ECHAM5, CCM3.6

• CMIP5 AMIP experiment (SST-forced)

• CMIP5 historical experiment (fully coupled)



Table 2. Models of the CMIP5 historical experiment used in our analysis.

Model Time Span Ensemble #
ACCESS1-0 1850-2005 1
ACCESS1-3 1850-2005 1
bcc-csm1-1 1850-2012 3
bcc-csm1-1-m 1850-2012 3
BNU-ESM 1850-2005 1
CanCM4 1961-2005 10
CanESM2 1850-2005 5
CCSM4 1850-2005 6
CESM1-BGC 1850-2005 1
CESM1-CAM5 1850-2005 3
CESM1-CAM5-1-FV2 1850-2005 4
CESM1-FASTCHEM 1850-2005 3
CESM1-WACCM 1955-2005 4
CMCC-CESM 1850-2005 1
CMCC-CM 1850-2005 1
CMCC-CMS 1850-2005 1
CNRM-CM5 1850-2005 10
CSIRO-Mk3-6-0 1850-2005 10
FGOALS-g2 1900-2005 5
FGOALS-s2 1850-2005 3
FIO-ESM 1850-2005 3
GFDL-CM3 1860-2005 5
GFDL-ESM2G 1861-2005 3
GFDL-ESM2M 1861-2005 1
GISS-E2-H 1850-2005 5
GISS-E2-R 1850-2005 6
HadCM3 1860-2005 10
HadGEM2-CC 1960-2004 3
HadGEM2-ES 1860-2004 4
inmcm4 1850-2005 1
IPSL-CM5A-LR 1850-2005 5
IPSL-CM5A-MR 1850-2005 1
IPSL-CM5B-LR 1850-2005 1
MIROC-ESM 1850-2005 3
MIROC-ESM-CHEM 1850-2005 1
MIROC4h 1950-2005 3
MIROC5 1850-2005 4
MPI-ESM-LR 1850-2005 3
MPI-ESM-MR 1850-2005 3
MPI-ESM-P 1850-2005 2
MRI-CGCM3 1850-2005 3
NorESM1-M 1850-2005 3
NorESM1-ME 1850-2005 1

21

CMIP5 Models

Table 1. Models of the CMIP5 AMIP experiment used in our analysis.

Model Time Span Ensemble #
CanAM4 1950-2009 4
CNRM-CM5 1979-2008 1
CSIRO-Mk3-6-0 1979-2009 10
GFDL-HIRAM-C180 1979-2008 3
GFDL-HIRAM-C360 1979-2008 2
GISS-E2-R 1880-2010 1
HadGEM2-A 1979-2008 1
inmcm4 1979-2008 1
IPSL-CM5A-LR 1979-2009 5
MPI-ESM-LR 1979-2008 3
MRI-AGCM3-2H 1979-2008 1
NorESM1-M 1979-2008 3

20

12 CMIP5 AMIP experiment models

43 CMIP5 historical experiment models



Methods

• A nine-year running average is applied to all the data to 
focus on the decadal time scale

• To reveal the SST-Precipitation relationship, we use: 

• Regression of SST on the East African long rains 

• Composite of SST anomalies over dry East 
African long rains seasons 

• SST data has had global average removed

• EOF analysis is utilized to identify the SST modes 
associated with the long rains



Observed Results: Long Rains History
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• Linear trends after 1983 (mm/day/decade): 0.21 (GPCC), 0.33 (GPCP), 0.35 (CMAP)
• Recent drying trend is most likely part of the natural decadal variability 



Observed Results: Long Rains History
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• Linear trends after 1983 (mm/day/decade): 0.21 (GPCC), 0.33 (GPCP), 0.35 (CMAP)
• Recent drying trend is most likely part of the natural decadal variability 
• Approximate four cycles in GPCC



Observed Results: SST-Pr Relationship

Fi g . 4. Regression of SST anomaly on minus East Arica (30E-52E, 10S-12N) precipitation
rate anomaly (i.e. b as in ssta = �b ⇥ pra) based on the period of 1901-2009. The global
average SST has been removed from the SST data and the nine-year running average has been
applied to both the SST and the precipitation rate before regression. Units are K/mm/day.
The SST and precipitation rate data are from ERSST and GPCC respectively.

28

Fig. 5. Composite of SST anomaly from years when the East Africa precipitation anomaly
is below its one standard deviation. The global average SST has been removed from the
SST data and the nine-year running average has been applied to both the SST and the
precipitation rate before compositing. Units are K. The SST and precipitation rate data are
from ERSST and GPCC respectively.

29

Regression of SST on the negative of long rains (K/mm/day)

Composite of SST over dry long rains seasons (K)



Observed Results: SST-Pr Relationship

Fig. 3. The first EOF of the ERSST in MAM after removing the global-averaged SST
and performing a 9-year running average. (a) The first EOF spatial pattern. (b) The first
principle component (time series from the EOF analysis, lighter gray area plot, unit K) and
East Africa MAM precipitationanomaly (gray bars, unit mm/day).

27

Fi g . 4. Regression of SST anomaly on minus East Arica (30E-52E, 10S-12N) precipitation
rate anomaly (i.e. b as in ssta = �b ⇥ pra) based on the period of 1901-2009. The global
average SST has been removed from the SST data and the nine-year running average has been
applied to both the SST and the precipitation rate before regression. Units are K/mm/day.
The SST and precipitation rate data are from ERSST and GPCC respectively.
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Fig. 5. Composite of SST anomaly from years when the East Africa precipitation anomaly
is below its one standard deviation. The global average SST has been removed from the
SST data and the nine-year running average has been applied to both the SST and the
precipitation rate before compositing. Units are K. The SST and precipitation rate data are
from ERSST and GPCC respectively.
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Regression of SST on the negative of long rains (K/mm/day)

Composite of SST over dry long rains seasons (K)



ECHAM4.5: Climatology
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Fig. 6. East Africa (30E-52E, 10S-12N) precipitation rate climatology in GPCC and
ECHAM4.5 model simulations estimated over the period of 1979-2005. The unit is mm/day.
Bars are the GPCC estimate. The solid line with dot markers is the ECHAM4.5 ensemble
mean. The gray area indicates the range between the 95 percentile and the 5 percentile of
the 24 ensemble members.
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• Based on period of 1979-2005
• Captures the long rains nicely
• Overestimates in other seasons



ECHAM4.5: Time Series
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Fig. 7. East Africa (30E-52E, 10S-12N) MAM precipitation rate anomaly relative to the
1979-2000 base in GPCC and ECHAM4.5 model simulations. A 9-year running average has
been applied to all the anomaly time series to focus on the decadal variability. The unit is
mm/day. The correlation coe�cient between the ensemble mean and the GPCC time series
is 0.66.
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• Captured:  
• drying trend in recent decades 
• wetting trend from the middle 1950s to the late 1960s

• Not captured: 
• wetting trend in the 1970s

• Broad spread across ensemble members, indicating intense internal variability



ECHAM4.5: SST-Pr Relationship

Fig. 8. Same as Figure 4 except that the precipitation rate anomaly is from the ECHAM4.5
ensemble mean and regression period is 1950-2012.
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Fi g . 4. Regression of SST anomaly on minus East Arica (30E-52E, 10S-12N) precipitation
rate anomaly (i.e. b as in ssta = �b ⇥ pra) based on the period of 1901-2009. The global
average SST has been removed from the SST data and the nine-year running average has been
applied to both the SST and the precipitation rate before regression. Units are K/mm/day.
The SST and precipitation rate data are from ERSST and GPCC respectively.
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ECHAM4.5GPCC

Regression



ECHAM4.5: SST-Pr Relationship

Fig. 8. Same as Figure 4 except that the precipitation rate anomaly is from the ECHAM4.5
ensemble mean and regression period is 1950-2012.
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Fi g . 4. Regression of SST anomaly on minus East Arica (30E-52E, 10S-12N) precipitation
rate anomaly (i.e. b as in ssta = �b ⇥ pra) based on the period of 1901-2009. The global
average SST has been removed from the SST data and the nine-year running average has been
applied to both the SST and the precipitation rate before regression. Units are K/mm/day.
The SST and precipitation rate data are from ERSST and GPCC respectively.
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ECHAM4.5GPCC

Regression

Fig. 9. Same as Figure 5 except that the precipitation rate anomaly is from the ECHAM4.5
ensemble mean.
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Fig. 5. Composite of SST anomaly from years when the East Africa precipitation anomaly
is below its one standard deviation. The global average SST has been removed from the
SST data and the nine-year running average has been applied to both the SST and the
precipitation rate before compositing. Units are K. The SST and precipitation rate data are
from ERSST and GPCC respectively.
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Composite



ECHAM5

E
A

 p
re

ci
p
ita

tio
n
 c

lim
a
to

lo
g
y(

m
m

/d
a
y)

month

 

 

1 2 3 4 5 6 7 8 9 10 11 12
0

0.5

1

1.5

2

2.5

3

3.5

4
GPCC
ECHAM5 ensemble mean

E
A

 p
re

ci
p
ita

tio
n
 a

n
o
m

a
ly

(m
m

/d
a
y)

month

 

 

1910 1920 1930 1940 1950 1960 1970 1980 1990 2000
−0.4

−0.2

0

0.2

0.4

0.6
GPCC
ECHAM5 ensemble mean

Regression

Composite

Climatology

Time series



CCM3.6
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CMIP5 AMIP: Climatology
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Fig. 1 0 . S a m e a s F i g u r e 6 b u t f o r C M I P 5 a m i p m u l t i p l e - m o d e l r u n s i n s t e a d o f E C H A M 4 . 5 .

3 4

• Multimodel mean captures the climatology
• Broad spread across individual models



CMIP5 AMIP:  Time Series
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Fig. 11. Same as Figure 7 but for CMIP5 amip multiple-model runs instead of ECHAM4.5.
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• Multimodel mean captures the recent drying trend, although the trend is not as 
strong as the observed
• Intense internal variability among individual models



CMIP5 AMIP: SST-Pr Relationship

Fig. 12. Same as Figure 4 except that the precipitation rate anomaly is from the CMIP5
amip ensemble mean and regression period is 1979-2008.
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Fi g . 4. Regression of SST anomaly on minus East Arica (30E-52E, 10S-12N) precipitation
rate anomaly (i.e. b as in ssta = �b ⇥ pra) based on the period of 1901-2009. The global
average SST has been removed from the SST data and the nine-year running average has been
applied to both the SST and the precipitation rate before regression. Units are K/mm/day.
The SST and precipitation rate data are from ERSST and GPCC respectively.
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CMIP5 AMIP: SST-Pr Relationship

Fig. 12. Same as Figure 4 except that the precipitation rate anomaly is from the CMIP5
amip ensemble mean and regression period is 1979-2008.
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Fi g . 4. Regression of SST anomaly on minus East Arica (30E-52E, 10S-12N) precipitation
rate anomaly (i.e. b as in ssta = �b ⇥ pra) based on the period of 1901-2009. The global
average SST has been removed from the SST data and the nine-year running average has been
applied to both the SST and the precipitation rate before regression. Units are K/mm/day.
The SST and precipitation rate data are from ERSST and GPCC respectively.
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Fig. 1 3 . S a m e a s F i g u r e 5 e x c e p t t h a t t h e p r e c i p i t a t i o n r a t e a n o m a l y i s f r o m t h e C M I P 5
a m i p e n s e m b l e m e a n .

3 7

Fig. 5. Composite of SST anomaly from years when the East Africa precipitation anomaly
is below its one standard deviation. The global average SST has been removed from the
SST data and the nine-year running average has been applied to both the SST and the
precipitation rate before compositing. Units are K. The SST and precipitation rate data are
from ERSST and GPCC respectively.

29

Composite



CMIP5 Historical: Climatology
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Fig. 14. Same as Figure 6 but for CMIP5 historical multiple-model runs instead of
ECHAM4.5.
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• Multimodel mean underestimates the long rains and overestimates the short ranis
• Broad spread across individual models



CMIP5 Historical:  Time Series
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Fig. 15. Same as Figure 7 but for CMIP5 historical multiple-model runs instead of
ECHAM4.5.
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• Multimodel mean only shows weak wetting trend after the 1950s
• Internal variations among individual models dominate the multimodel mean



CMIP5 Historical: SST-Pr Relationship

Fig. 16. Multiple-model mean of the composite of SST anomaly from years when the East
Arica precipitation anomaly is below its one standard deviation. Both SST and the precip-
itation are from multiple model runs of the CMIP5 historical experiment. The composite
is performed on each model run first, then averaged across all runs within each model, and
finally averaged across all the models. Units are K.
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Fig. 17. Number of models in the CMIP5 historical experiment that have positive SST
composite values described in Figure 16.

41

Composite of SST over dry long rains seasons (K)

Number of models with positive  SST anomalies• Weak SST anomalies in 
CMIP5 historical multimodel 
mean relative to that of 
GPCC

• Significant negative SSTs 
over the western tropical 
Indian ocean 

Fig. 5. Composite of SST anomaly from years when the East Africa precipitation anomaly
is below its one standard deviation. The global average SST has been removed from the
SST data and the nine-year running average has been applied to both the SST and the
precipitation rate before compositing. Units are K. The SST and precipitation rate data are
from ERSST and GPCC respectively.
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GPCC



CMIP5 Historical: Individual Models
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CMIP5 Historical: Individual Models
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Conclusions
• The drying trend of the East African long rains in recent decades most likely arose from decadal 

variability of natural origin.

• The decadal variability of the East African long rains can be explained by the decadal variability of 
SST over the Pacific ocean. The dry phases are associated with positive SST anomalies over the 
western tropical Pacific and negative anomalies over the central tropical Pacific.

• The SST-forced IRI forecast models are able to capture the climatology and the SST anomaly 
pattern associated with decadal variability. However, not all the models perform well.

• The SST-forced models of the CMIP5 AMIP experiment are also able to capture the climatology of 
the East African precipitation although with ranging skills among individual models. The simulated 
East Africa long rains anomaly, while only available over a short period, does capture the recent 
observed drying trend in the multimode mean. The associated SST anomaly pattern is also 
consistent with that observed.

• The multimodel mean of the fully coupled models of the CMIP5 historical experiment 
underestimates the East Africa long rains and overestimates the short rain with considerable range 
of performance among the individual models. The multimodel mean of the precipitation anomalies 
shows only a weak wetting trend since 1950 that is much smaller than internal variability. The SST 
anomaly pattern associated with the dry phase of the East African long rains is associated with a 
SST gradient over the tropical Pacific, although the magnitude of this is weak compared to 
observations.



Thank you!


