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� Abstract

Rainfall variability in the Sahel region shows a dramatic drying trend from the

����s to the ��
�s� Yet� most atmospheric general circulation models �AGCM�

forced by observed sea surface temperatures �SSTs� were not able to reproduce

the amplitude of this multi
decadal variation� Here� we investigate the sensiti


vity of Sahelian rainfall to vegetation
atmosphere interaction� We coupled the

simple dynamic vegetation model �SVege� and the ECHAM�
AGCM and for


ced the system by observed SSTs� We show that vegetation
climate feedbacks

amplify the decadal rainfall variability and that the coupled system simulates

realistically the observed multi
decadal variations in Sahelian precipitation�
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� Introduction

The Sahelian region is one of the most climatically sensitive and ecologically

unstable regions� It exhibits strong variability in both precipitation and vege


tation on interannual and interdecadal timescales �e�g� Nicholson et al�� ���
��

FIG� �d shows the observed rainfall anomalies over the Sahel from ���� to

���� �Hulme� ���
�� with a pronounced drying trend starting in the ����s and

ending in the mid ��
�s�

The reason for this trend is still a matter of intensive scienti�c deba


te �e�g� Rowell et al�� ����� Rowell� ����� Ward� ���
�� Possible explanati


ons are� a modi�cation of the surface albedo and surface evapotranspira


tion through deserti�cation processes �Charney� ��	�� Xue � Shukla� �����

Zheng � Eltahir� ���	� Xue� ���	� Zheng � Elthaier� ���
� and SST anoma


lies �Folland et al�� ��
�� Xue � Shukla� ���
��

Some AGCM simulations driven with observed SST have failed to simu


late the magnitude of the Sahelian precipitation anomaly of the last ��

years �Zeng et al�� ������ �ECHAM� FIG� �a�� Recently� the studies of Zeng

et al� ������ and Wang � Eltahir ������ have demonstrated that the coupled

atmosphere
vegetation system tends to enhance climate variability arising from

other slow components of the climate system such as the oceans� SST anomali


es� for instance� can lead to a weaker monsoon� which causes less precipitation

in the north African region� A dryer climate leads to less vegetation� which

results in a higher albedo and reduced evapotranspiration by plants� Less wa


ter input into the atmosphere and a higher albedo will further weaken the

monsoon�

� Models and Experiments

To further test and explore this hypothesis we coupled the Hamburg AGCM

ECHAM� �Roeckner et al�� ����� with the simple dynamic vegetation model

SVege �Zeng et al�� ����� Zeng � Neelin� ������ The coupled system was forced

by observed SSTs �GISST ���� from ���� to ���
 �Rayner et al�� ������

�



��� The general circulation model

The ECHAM� physics and model performance are described in

�Roeckner et al�� ������ Here� we use the model at T�� resolution �ap


prox� ��
 by ��
 deg�� The standard ECHAM� model uses a �xed annual mean

vegetation cover and static leaf area index �LAI�� Evapotranspiration consists

of the four fractions� Evaporation from bare soil� interception evaporation�

snow sublimation� and leaf transpiration� The latter depends on energy

balance� plant available soil water content� and fractional vegetation cover Cv�

and is computed with a bucket scheme� Water holding capacity is prescribed

as a function of soil texture and root depth� In the standard version� the

prescribed surface albedo is interactively modi�ed by simulated snow and ice

cover� only�

��� The simple dynamic vegetation model

On annual to decadal timescales� vegetation growth in the tropics and subtro


pics responds mainly to the annual cycle of water availability and to a lesser

extent to changes in radiation� temperature� and nutrients� In the simple dy


namic vegetation model SVege� leaf area index and fractional cover vary with

normalized vegetation growth and vegetation loss �dV�dt�� modi�ed by the

relative amount of plant available soil water� w�

dV

dt
�

�

�
� ��� e�k�LAI��

V

�
���

Here k � ��� denotes the extinction coe�cient� LAI the leaf area index and

� � � month the vegetation response timescale� V ranges between ��� �� and

the LAI is assumed to be directly proportional to V �

LAI � LAImax � V ���

with LAImax � 
��m��m�� Fractional vegetation cover is computed from an

empirical relation �Monteith� ��	�� to ensure consistency with LAI�

Cv � �� e�����LAI ���

Besides modifying the evapotranspiration through ��� and ���� the dynamic

land vegetation changes the surface albedo� A� through

A � ���
� ��� � ��� e�k�LAI� ���

�



This yields a minimum albedo of ���
 at V � � �dense forest� and a maximum

albedo of ���
 at V � � �full desert� �Pinty et al�� ������ This maximum value

is somewhat higher than the original version used in �Zeng et al�� ������

��� The coupled system

In the coupled model� vegetation cover and leaf area index are calculated by

the dynamic vegetation model in the region ��N
��S� Outside this domain�

the original land model is used with �xed vegetation� The two main e�ects of

vegetation dynamics that feed back onto the physical climate system are re


tained here� evapotranspiration and modi�cation of surface albedo� Secondary

e�ects like variation of surface roughness or modi�cation of hydrological soil

properties are not considered in this study� Three di�erent ensemble integra


tions are forced by observed SST�

�a� ECHAM� standard version� � realizations�

�b� ECHAM� with static mean vegetation� The mean annual LAI and Cv� we


re derived from the ensemble mean output of the coupled runs under �c�� �

realizations�

�c� ECHAM� coupled to SVege� � realizations�

� Results

We focus our analysis on the Sahel region� here de�ned as the area extending

from the African west coast to ��E and ��N to ��N�

The Sahel rainfall for the period ���� to ���� from the standard ECHAM�

ensemble amounts to ��� mm�year� an overestimation compared to the obser


vational estimate of ��� mm�year� The coupled atmosphere
vegetation model

ensemble has a mean of �	� mm�year� indicating a �climate drift� of the coupled

model� The �xed mean vegetation ensemble is even wetter with ��� mm�year�

Concerning the interdecadal variability� the realizations show good reproduci


bility� indicating a strong impact of the slowly changing SST boundary condi


tions on the precipitation anomalies �FIG� �a
c��

The AGCM forced by observed SST alone is not able to reproduce the observed

�



strength of the multi
decadal variability �FIG� �a�� This is also true for the

run with changed �but �xed� vegetation �FIG� �b�� The coupled model �FIG�

�c�� however� reproduces the multi
decadal variability in Sahelian rainfall very

well� Our AGCM results are consistent with �ndings of Zeng et al� ������ and

Wang � Eltahir �������

The observed and simulated rainfall over northwest Africa averaged over the

period ����
���� is shown in FIG��� together with zonally averaged albe


do �observed albedo of year ���� is taken from �Knorr et al�� in press��� The

ECHAM� standard ensemble mean �FIG� �a� shows an overestimation of the

annual mean precipitation in both� the Sahel and in the Sahara regions com


pared to observations �FIG� �d�� The spatial rainfall pattern is improved con


siderably when we exchange ECHAM�s default ��control�� albedo by the mean

albedo predicted by the vegetation model ���xed��� This is because the incre


ased albedo in the desert regions reduces rainfall and thus leads to a better

savanna
desert gradient� While the savanna
desert transition �somewhat ar


bitrarily chosen at ��� mm in annual rainfall� is still located too far north�

the sharp albedo increase northward across this boundary is simulated more

realistically �only one year of albedo data were available� and we assume that

interannual albedo changes are small compared to those large
scale features��

The result is less precipitation in the desert �Knorr et al�� in press� and� across

the boundary� a steeper and more consistent meridional precipitation gradient�

By de�nition� the albedo distribution of the coupled model including dynamic

vegetation is the same as in the �xed vegetation case� Nevertheless� an inter


actively varying vegetation �FIG� �c� leads to an even improved simulation of

the mean precipitation� with a dryer Sahara compared to the �xed vegetation

experiment�

We now discuss the underlying physical processes� It is obvious that the SST

signal carries the information of the multi
decadal variability� The prescription

of SST alone� however� does not reproduce the observed amplitude� Three

components change going from �xed to dynamic vegetation runs�

�� the variable amplitude of the albedo annual cycle�

�� the interdecadal albedo trend� and

�� the variation of the transpiration area �LAI��

The combination of these processes enhances the SST induced signal� FIG��

�



shows the annual cycle of the Sahelian albedo �upper plot�� At the start of

the monsoon season in June� the albedo of the dynamic vegetation run is

always higher than in the �xed vegetation run� This implies a weakening of

the monsoon� with less precipitation at the beginning of the monsoon season�

This ampli�es the SST
e�ect� which can be seen in the precipitation di�erence

between the �xed and the dynamic run for the dry years �FIG� �� lower plot��

On the other hand� during wet years� the monsoon strength at the end of the

season is ampli�ed by stronger evapotranspiration and convective precipitation

related to higher LAI� This enhances precipitation especially at the end of the

monsoon season �FIG��� lower plot��

Since the vegetation timescale used in the model is � month� there is little in


formation carried from one year to the next due to vegetation memory� Thus�

the ampli�cation of the interdecadal change in rainfall is due to a changing

vegetation in near
equilibrium with precipitation� While in nature vegetation

does have dynamic processes with longer timescales� the interdecadal variabi


lity does not require information to be carried from one to the next year as

proposed e�g� by Wang � Eltahir ������� since the low
frequency information

is contained in the SST�

� Conclusions

So far� most AGCM simulations were unable to reproduce the amplitude of

the Sahelian drying trend from the ����s to ��
�s when forced by the obser


ved SSTs� We have demonstrated that interactive coupling of the ECHAM�

AGCM with a dynamic vegetation model leads to considerable improvements

in the spatial and temporal characteristics of rainfall simulation� with a wetter

climate in the Sahel and a dryer Sahara compared to the standard model� More

importantly� the same coupled model is able to correctly simulate the magni


tude of the interdecadal rainfall changes in the Sahel� Vegetation responding

dynamically to precipitation changes acts as an ampli�er for a low
frequency

�i�e� interdecadal� signal delivered by SST anomalies� The results support the

notion that vegetation
atmosphere feedback plays an important role for un


derstanding climate variability�
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FIGURE �� Sahel rainfall anomalies relative to the ����
���� mean� Whi


te bars� annual mean �left axis�� Shaded curve� 	 year running mean of the

ensemble �right axis�� Lines� 	 year running mean� single realizations of the

ensemble �right axis��
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FIGURE �� Mean rainfall distribution from ���� to ���� �mm�year�� On the

left side of each plot� the zonal and temporal mean value of surface albedo is

shown �all yeas for simulations� ���� for satellite observations with Meteosat��
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FIGURE �� Upper panel� Annual cycle of surface albedo at ���mm�year preci


pitation latitude� Dotted� Meteosat �only ������ solid line� wet years �����
����

dashed line� dry years ���
�

��� Staight line at ����
� Mean static albedo from

�xed vegetation runs� Lower panel� Anual cycle of precipitation di�erence bet


ween static vegetation and dynamic vegetation ensembles� �white� dry years�

grey� wet years��
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