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Abstract

Among the most striking decadal climatic trends of the last century are the

strengthening of the NAO index and the decreasing summer monsoon rainfall

over sub-Saharan West Africa.

This thesis focuses on the role of tropical sea surface temperatures (SSTs)

driving theses changes. Both of these changes are investigated by conduct-

ing experiments with the atmospheric general circulation model ECHAM4.5

– run in stand-alone mode – and the global ocean-atmosphere-sea ice model

MPI-OM/ECHAM5.

These experiments provide evidence that the Indian Ocean warming in the

last decades is of paramount importance in driving the recent observed drying

trend over the West Sahel. The model West Sahel dried more when tropical

seas were warmer during the past half-century than when they were cooler.

When sea surface temperatures were changed in one ocean basin at a time,

it was the tropical Indian Ocean that dominated. The warming of the In-

dian Ocean produces through atmospheric teleconnections mid-tropospheric

large-scale subsidence over sub-Saharan West Africa.

The Indian and eastern tropical Atlantic Oceans are key ocean areas for driv-

ing the two basic rainfall anomaly patterns over sub-Saharan West Africa in

summer. This could improve the ability to predict sub-Saharan West African

rainfall variability on interannual time-scales.

It is found further that the progressive warming of the tropical Indian Ocean

is a principal contributor to the strengthening of the North Atlantic Oscilla-

tion via the jet stream waveguide.
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Chapter 1

Introduction

The climate of the 20th century exhibited some rather strong decadal-scale

changes. One example is the drying trend in the Sahelian region from the

1950s to the 1990s. Another is the strengthening of the North Atlantic Os-

cillation (NAO; Hurrell 1995a), the leading mode of North Atlantic climate

variability, from the 1970s onward. Both phenomena are the subject of many

observational and modelling papers (e.g., Folland et al. 1986, Hurrell 1995a),

but it remains controversial which processes lead to the decadal climate fluc-

tuations.

In the following two sections, I will shortly summarize/review the under-

standing of sub-Saharan West African rainfall variability – especially Sahelian

rainfall variability – and NAO variability on seasonal to decadal timescales

until the year 2002. The summary is given as a basis for the scientific objec-

tives of my thesis and as background information for the reader.

1.1 Sub-Saharan rainfall variability

The climates of North Africa are still relatively poorly known and understood.

The regions north and south of the Sahara desert are regions with climates

that are among the most variable in the world (Ward et al. 1999). The Sahel is

the semi-arid transition zone situated between the arid to hyper-arid Sahara

and humid tropical Africa. The term ”Sahel” derives from an Arabic word

meaning the ”fringe” or ”shore” of the desert (Nicholson 1995). The Sahel

1



2 INTRODUCTION

region is characterized by a strong north-south rainfall gradient and high in-

terannual rainfall variability, with annual rainfall amounts varying from 600

mm in the south to 100 mm in the north (e.g. , Hulme 1992). The rainfall is

delivered by a monsoon, or seasonal wind, that originates over the tropical

Atlantic, passes over the southwestern coast of West Africa, and gradually

pushes north and east over sub-Saharan West Africa (Lamb 1986). Most

rainfall – about eighty percent of the annual rainfall – occurs in the period

July to September – the rainy season – as a result of the generation of lines

of organized convective disturbances often referred to as squall lines (Rowell

and Milford, 1993). The Sahel may be viewed as the latitudinal band span-

ning the African continent from 12◦N to 20◦N. The Sahel rainfall index shows

strong interannual to decadal variability (Lamb 1992; Figure 1.1). A sharp
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Figure 1.1: Observed JJAS rainfall anomaly over the West Sahel, based on

the Climate Research Unit dataset (mm/month). The rainfall is averaged

from 100W to 100E and from 120N to 200N. The black curve denotes the

seasonal mean, the red curve the 11-yr running mean.

contrast occurs between the periods before and after 1950 (Nicholson 1983,

Nicholson 1986). Earlier, marked changes occurred from year to year, with

dry years rapidly alternating with wet years, but on the whole, rainfall condi-

tions were relatively good. Droughts occurred in the 1910s and 1940s. After
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1950, the year to year fluctuations were more moderate (Nicholson 1989).

The Sahel index reveals a period of wetness through the 1950s, followed by

an extended dry period since the 1970s. Annual rainfall during the last 30

years has been, on average, some 20 to 40% lower than the 30-year ”normal”

for 1931-1960 (Nicholson et al. 2000). The increase in persistence after 1950

may be an indication of a shift from a regime dominated by interannual vari-

ability to one characterized by decadal-scale variability (Hulme 2001). The

decreasing rainfall during the last three decades of the 20th century is among

the largest recent climate changes recognized. The extremely dry years had

devastating environmental and socio-economic impacts. About 250,000 peo-

ple died in the Sahel drought of 1968-1973 (UNCOD 1977 in ICPP 2001).

The vulnerability of West African societies to climate variability is likely to

increase in the next decades because of increasing demands on resources and

a rapidly growing population. These pressures could be exacerbated by re-

gional climate change (IPCC, 2001). Thus, there is a strong societal need

to develop strategies that reduce the socio-economic impacts of rainfall vari-

ability. Better rainfall predictions, which could improve decision making and

benefit the local population, require a better scientific understanding of the

rainfall variability. The source of the pronounced decadal variability in these

regions (Sahel and Morocco) is one of the most pressing questions in climate

dynamics today (Ward et al. 1999).

1.1.1 What are the mechanisms which govern the sub-

Saharan West African rainfall variability?

Different hypothesis have been put forward to explain the drought in the Sa-

hel. One focuses on anthropogenic factors such as overgrazing and conversion

of woodland to agriculture (e. g. , Charney et al. 1975, 1977). Deforestation

and overgrazing tend to increase surface albedo and reduce the moisture

supply to the atmosphere. Less sunlight is absorbed at the surface due to a

larger reflexion of incoming sunlight. The heating of the atmosphere by the

ground is reduced, rendering the atmosphere less conducive to the develop-

ment of convective disturbances. This leads to less precipitation and even

less favorable conditions for vegetation. General circulation model sensitiv-
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ity studies have concluded that anthropogenic land-cover change in the Sahel

could cause a significant drought in the region (e. g. , Xue and Shukla 1993).

But it is important to note that these studies used idealized and highly unre-

alistic scenarios of land-cover change that greatly exaggerated the degree of

land degradation in the Sahel region (Taylor et al. 2002). Taylor et al. (2002)

test the hypothesis that recent changes in land use have been large enough

to cause the observed drought. Their results suggest that while the climate

of the region is rather sensitive to small changes in albedo and leaf area in-

dex, recent historical land use changes are not large enough to have been the

principal cause of the Sahel drought. However, the climatic impacts of land

use change in the region are likely to increase rapidly in the coming years.

Rainfall variability of the West African monsoon (WAM) has been linked

to sea surface temperature (SST) anomaly patterns on a wide range of space-

and time-scales. It was originally proposed by Lamb (1978a,b) that fluctu-

ations of summer Sahel rainfall are associated with sea surface temperature

variability in the tropical Atlantic (see Rowell et al. 1995). This was con-

firmed by other studies (Hastenrath 1984; Semazzi 1988; Hastenrath 1990;

Lamb and Peppler 1992). The interannual variability of the West African

monsoon (WAM) summer rainfall exhibits distinct spatial large-scale rain-

fall anomaly patterns. WAM seasonal rainfall anomalies tend to be of ei-

ther opposite sign between the Sahel region and along the coast of Guinea

(i.e., a ”dipole”; e. g. , Lamb 1978a; Nicholson and Grist 2001) or the same

sign across all of the sub-saharan West Africa region (e. g. , Nicholson and

Grist 2001). The dipole rainfall behavior has been linked to the interannual

variability of tropical Atlantic SST anomaly patterns (e. g. , Rowell et al.

1995, Ward, 1998). In dipole years, there is a strong regional-scale climate

variability, with higher SST and lower sea level pressure in the equatorial

and tropical South Atlantic accompanying wetter conditions on the Guinea

Coast and drier conditions in the Sahel region (Ward 1998). The interannual

variability of sub-Saharan West African rainfall has been shown to be also

associated with ENSO (e. g. , Rowell et al. 1995, Janicot et al. 1996, Rowell

2001). The El Niño phase increases the likelihood of Sahel drought (Row-

ell 2001). Folland et al. (1986) show – from statistically-based analyses of
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observations – that contrasting wet and dry periods in the Sahel region are

strongly related to contrasting patterns of sea surface temperature (SST)

anomalies on a near global scale. The anomalies include relative changes in

SST between the hemispheres, on timescales of years to tens of years, which

are most pronounced in the Atlantic. Their experiments with a global general

atmospheric circulation model (AGCM) support the idea that the worldwide

SST anomalies modulate summer Sahel rainfall through changes in tropical

atmospheric circulation. Also Ward (1998) shows that the substantial multi-

decadal rainfall variability experienced in the Sahel during the 20th century

has been associated with a global interhemispheric SST anomaly difference.

Zeng et al. (1999) analyzed the role of naturally varying vegetation in

influencing the climate variability in the West African Sahel in a coupled

atmosphere-land-vegetation model. They found that the Sahel rainfall vari-

ability is influenced by sea surface temperature variations in the oceans.

Land-surface feedback increases this variability both on interannual and in-

terdecadal time scales. Interactive vegetation enhances the interdecadal vari-

ation substantially but can reduce year-to-year variability because of a phase

lag introduced by the relatively slow vegetation adjustment time. Variations

in vegetation accompany the changes in rainfall, in particular the multi-

decadal drying trend from the 1950s to the 1980s. The involved feedbacks

through albedo and evaporation changes are similar to those proposed in the

land use change mechanism.

Anthropogenic aerosols are intricately linked to the climate system and

to the hydrologic cycle. The net effect of aerosols is to cool the climate sys-

tem by reflecting sunlight. Depending on their composition, aerosols can also

absorb sunlight in the atmosphere, further cooling the surface but warming

the atmosphere in the process. These effects of aerosols on the temperature

profile, along with the role of aerosols as cloud condensation nuclei, impact

the hydrologic cycle, through changes in cloud cover, cloud properties and

precipitation. Unravelling these feedbacks is particularly difficult because

aerosols take a multitude of shapes and forms, ranging from desert dust to

urban pollution, and because aerosol concentrations vary strongly over time
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and space. Increases in aerosol concentration and changes in their composi-

tion, driven by industrialization and an expanding population, may adversely

affect the Earthes climate and water supply (Kaufmann et al. 2002).

Rotstayn and Lohmann (2002) ran an atmospheric global climate model cou-

pled to a mixed layer ocean model to study changes in tropical rainfall due to

the indirect effects of anthropogenic sulfate aerosol. The model included in-

teractions between sulphur dioxide emissions and cloud formation. Two likely

effects of anthropogenic aerosols on liquid water clouds have been identified.

The first indirect effect refers to the radiative impact of a decrease in cloud

droplet effective radius that results from increases in aerosols. The second

indirect effect refers to the radiative impact of a decrease in precipitation effi-

ciency that results from increases in aerosols (Rotstayn and Lohmann 2002).

Acting as cloud condensation nuclei, thereby modifying cloud albedo, pre-

cipitation formation, and lifetime of warm clouds, aerosols lead to surface

cooling.

The model was run for present-day and preindustrial sulfur emission scenar-

ios. When the present-day sulphur emissions were included in their model,

a southward shift of tropical rainfall was simulated causing drought in the

Sahel. This was largely due to a hemispheric asymmetry in the reduction of

sea surface temperature (SST) induced by the perturbation of cloud albedo

and lifetime (Rotstayn and Lohmann 2002).

The impact of internal atmospheric variability on Sahelian rainfall has

been tested by Rowell et al. (1992) and Palmer et al. (1992). They performed

atmospheric general circulation model (AGCM) sensitivity experiments in

which they changed the initial atmospheric conditions, but keeping the SST

forcing constant. They found little difference between the seasonal Sahel

rainfall totals, suggesting that although some internal atmospheric variability

exists, it is dominated by the oceanic forcing (Rowell et al. 1995).

1.2 The North Atlantic Oscillation

The North Atlantic Oscillation is the dominant mode of climate variability

in the North Atlantic region ranging from central North America to Europe
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and much into Northern Asia. It is most pronounced during winter. The

NAO is a large-scale seesaw in atmospheric mass between the subtropical

Atlantic and the Arctic. It is usually defined through changes in surface

pressure in the centers of action near Iceland and the Azores. The positive

phase of the NAO is characterized by a large meridional pressure gradient

over the North Atlantic, because of a deeper than normal Icelandic Low and

a stronger Subtropical High (Figure 1.2a). Both centers are weakened during

its ”negative” phase (Figure 1.2b). The changes in pressure gradient from one

a)

b)

Figure 1.2: Illustration of the two extreme phases of the North At-

lantic Oscillation (NAO) with some climatic impacts. Figure a) shows

the positive and b) the negative NAO phase. Figures are available at

http://www.ldeo.columbia.edu/∼visbeck/misc.

phase to another produce large changes in the mean wind speed and direction

over the North Atlantic. Heat and moisture transport between the Atlantic

and the surrounding continents also vary markedly, as do the intensity and

number of winter storms, their paths, and the weather associated with them
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(Hurrell et al. 2001).

In the positive phase of the NAO the enhanced pressure difference results in

stronger westerlies across middle latitudes, and in more and stronger winter

storms crossing the Atlantic Ocean on a more northerly track (see Figure

1.2b). This phase of the NAO is associated with cold and dry winters over the

northwest Atlantic and warm and wet winters in Northern Europe as well as

dry conditions over Southern Europe. The negative NAO index phase shows

a weak subtropical high and a weak Icelandic low. The reduced pressure

gradient results in fewer and weaker winter storms crossing on a more west-

east pathway. They bring moist air into the Mediterranean and cold air to

Northern Europe (see Figure 1.2b). The NAO is associated e.g. , with changes

in the wind field in the troposphere (Thompson and Wallace, 2000) and with

changes in SST and salinity: The NAO induces changes in surface wind

patterns over the Atlantic Ocean, thereby altering the ocean surface heat

and freshwater flux. These changes affect the strength and character of the

Atlantic thermohaline circulation (THC) and the horizontal flow of the upper

ocean (Hurrell et al. 2001). The NAO is associated with precipitation changes

(Lamb, 1978; Folland et al. 1986; Hurrell and van Loon, 1997), changes in

the storm tracks and intensity over the Atlantic (Rogers, 1990, 1997; see

Figures 1.2a and 1.2b), and it has a wide range of effects on marine and

terrestrial ecosystems, including the large-scale distribution and population

of fish and shellfish, the production of zooplankton, the flowering dates of

plants, and the growth, reproduction, and demography of many land animals

(Hurrell et al. 2001). A remarkable feature of the NAO that has motivated

much recent study is its trend toward a more positive phase over the past 30

years (see Figure 1.3). The positive trend in the NAO accounts for several

remarkable changes recently in the climate and weather over the middle and

high latitudes of the Northern Hemisphere, as well as in marine and terrestrial

ecosystems:

• milder winters in Europe and Asia; colder winters over eastern Canada

and the northwest Atlantic (Hurrell, 1996),

• stronger westerlies in the lower stratosphere (Thompson et al. 2000),

• regional changes in precipitation (Hurrell, 1995b; Hurrell and van Loon,
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Figure 1.3: Winter (December to March) index of the NAO based on

the difference of normalized pressures between Lisbon, Portugal, and Stykk-

ishólmur/Reykjavik, Iceland from 1864 through 2000. The heavy solid line

represents the meridional pressure gradient smoothed to remove fluctuations

with periods less than 4 years. From Hurrell et al. (2001).

1997),

• decrease in mean sea level pressure (SLP) over the Arctic (Walsh et

al. 1996),

• convection intensity changes in the Labrador and the Greenland-Iceland

Seas (Dickson et al. 1996) which influence the strength and character

of the Atlantic meridional overturning circulation,

• changes in storm activity and the shifts in the Atlantic storm track

(Hurrell, 1995a), changes in the blocking frequencies (Nakamura, 1996).

Thus, understanding the physical mechanisms that govern the NAO vari-

ability on intraseasonal-to-interdecadal timescales, and how the NAO may

be influenced by anthropogenic climate change is of high importance.
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1.2.1 What are the mechanisms which govern the NAO

variability?

There is no consensus on the processes that are responsible for the ob-

served low-frequency variations in the NAO. There is evidence that much

of the atmospheric circulation variability in the form of the NAO arises

from internal atmospheric processes. Atmospheric general circulation mod-

els (AGCMs) forced by climatological sea surface temperature, and fixed

atmospheric trace-gas concentrations, display NAO-like fluctuations (e.g.,

Saravanan 1998). The governing dynamical mechanisms are eddy mean flow

interaction at the exit region of the Atlantic storm track and eddy-eddy in-

teraction between baroclinic transients and low-frequency variability (Hurrell

1995b). On the other hand, it has long been recognized that fluctuations in

SST and the strength of the NAO are related (Bjerknes, 1964), and there are

clear indications that the North Atlantic Ocean varies significantly with the

overlying atmosphere. The leading mode of SST variability over the North

Atlantic during winter consists of a tri-polar pattern with a cold anomaly

in the subpolar region, a warm anomaly in the middle latitudes centered

off Cape Hatteras, and a cold subtropical anomaly between the equator and

30N (e.g., Deser and Blackmon 1993; Rodwell et al. 1999). The strength of

the correlation increases when the NAO index leads the SST, which indi-

cates that SST is responding to atmospheric forcing on monthly time scales

(e.g., Battisti et al. 1995). But SST observations also display interannual

and decadal responses (Sutton and Allen 1997; Visbeck et al. 1998), which

may indicate that decadal/multi-decadal variations of the ocean surface have

an impact on the atmosphere. Rodwell et al. (1999) forced their AGCM by

the observed, global SSTs and sea ice concentration over the past 50 years

(see also Latif et al. 2000; Mehta et al. 2000). They captured much of the

multi-annual to multi-decadal variability in the observed NAO index since

1947, including about 50% of the observed strong upward trend over the past

30 years. To confirm that North Atlantic SSTs force the NAO they drove

their AGCM with a North Atlantic SST pattern similar to the observed SST

tripole. They found that the atmospheric response in mean sea level pressure

between model simulations with positive and negative versions of the SST
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tripole is similar to the classical NAO pattern. They concluded that much of

the multiannual to multidecadal variability of the winter NAO over the past

half century may be reconstructed from a knowledge of North Atlantic sea

surface temperatures.

A recent study concludes that NAO variability is closely tied to SSTs over

the tropical Ocean. Hoerling et al. (2001) presented evidence that North

Atlantic Climate change since 1950s is linked to a progressive warming of

tropical SSTs. They argue that the ocean changes alter the pattern and

magnitude of tropical rainfall and atmospheric heating, the atmospheric re-

sponse to which includes the spatial structure of the NAO.

Watanabe and Nitta (1999) have suggested that land processes are responsi-

ble for decadal changes in the NAO. They find that the change toward a more

positive wintertime NAO index in 1989 was accompanied by large changes in

snow cover over Eurasia and North America. Moreover, the relationship be-

tween snow cover and the NAO was even more coherent when the preceding

fall snow cover was analyzed, suggesting that the atmosphere may have been

forced by surface conditions over the upstream land mass. Watanabe and

Nitta (1998) reproduce a considerable part of the atmospheric circulation

changes by prescribing the observed snow cover anomalies in an AGCM.

Several recent studies suggest that both the oceanic wind forced gyre circula-

tion and the thermohaline circulation can actively interact with atmospheric

flow to produce coupled decadal and interdecadal climate variability. In the

paper of Grötzner et al. (1998) a decadal climate cycle in the North Atlantic

that was derived from an integration with a coupled ocean-atmosphere gen-

eral circulation model is described. The decadal mode shares many features

with the observed decadal variability in the North Atlantic. The decadal

mode is based on unstable air-sea interactions and must be therefore re-

garded as an inherently coupled mode. It involves the subtropical gyre and

the North Atlantic Oscillation. The memory of the coupled system, however,

resides in the ocean and is related to horizontal advection and to the oceanic

adjustment to low-frequency wind stress curl variations. Although differ-

ing in details, the North Atlantic decadal mode and the North Pacific mode

described by Latif and Barnett (1996) are based on the same fundamental

mechanism: a feedback loop between the wind driven subtropical gyre and
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the extratropical atmospheric circulation.

Other studies have suggested a coupled mode of variability involving the

thermohaline circulation. Modeling results of Timmermann et al. (1998)

suggested that an anomalous strong thermohaline circulation produces pos-

itive SST anomalies over the North Atlantic. The atmospheric response is

a strengthened NAO. The stronger NAO produces anomalous fresh water

fluxes, and Ekman transport off Newfoundland and the Greenland Sea. This

results in a reduced sea surface salinity which is advected by the subpolar

gyre. This finally reduces the convective activity south of Greenland, thereby

weakening the strength of the thermohaline circulation. This results in a re-

duced poleward oceanic heat transport and the formation of negative SST

anomalies, which completes the phase reversal and results in multi-decadal

variability.

1.3 Scientific Objectives

The aim of this Ph.D. thesis is to elucidate further the impact of sea sur-

face temperature (SST) anomalies on the rainfall variability over north West

Africa on interannual to decadal timescales and on the North Atlantic Os-

cillation (NAO) on decadal timescales. In addition to the investigation of

rainfall variability over the West Sahel, I will also analyze the rainfall vari-

ability along Guinea Coast and over Morocco. Several experiments have been

performed with the atmospheric general circulation model ECHAM4.5 – run

in stand-alone mode – and with the global ocean-atmosphere-sea ice model

MPI-OM/ECHAM5 to investigate the following specific questions:

• The review of the literature leads to the conclusion that Sahelian dry

conditions in the late twentieth century were most probably driven by

changes in ocean surface temperatures, which led to changes in atmo-

spheric circulation (e. g. , Ward et al. 1998; Zeng et al. 1999). Interac-

tions between the Sahelian land surface and the regional atmosphere

via vegetation dynamics appear to have played a role in modulating in-

terannual and decadal scale variations in rainfall (e. g. , Zeng et al. 1999;

Taylor et al. 2002).
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I would like to answer the following questions: Is the drying trend over

the West Sahel in particular driven by changes in only one ocean basin?

Is it possible to restrict the region of SST anomalies to the tropical At-

lantic, Pacific or Indian Oceans? What kind of SST pattern in the

individual ocean basins is the most important? What is/are the basic

physical atmospheric process(es) which lead(s) to the rainfall change

over the West Sahel?

• The review about the NAO shows that the evolution of global sea

surface temperatures (SSTs) has exerted an important controlling effect

on the North Atlantic Oscillation. Key evidence is the reproducibility of

the observed low-frequency changes of the NAO, across different climate

models forced with prescribed, global SSTs (Rodwell et al. 1999, Latif et

al. 2000, and Mehta et al. 2000). A key piece of evidence that changes

in tropical SSTs are the principal source for the trend of the NAO

comes from Hoerling et al. (2001). Forcing their AGCM only with the

observed SSTs in the Tropics (30◦S-30◦N) the model reproduced the

observed trend pattern of North Atlantic climate change.

The questions I would like to answer are basically the same as in case of

the Sahelian drought. Which ocean basin is the most important for the

trend of the NAO? What is the mechanism responsible for the change

of the NAO, since a clear mechanism of how the tropical SSTs impact

the NAO was not given by Hoerling et al. (2001)?

To answer these questions – concerning the NAO and the Sahel trend – the

same experiments can be used.

• Sub-Saharan summer rainfall anomalies are mainly characterized by

two distinctive patterns: A ”dipole” and a ”monopole” rainfall anomaly

pattern between Sahel and Guinea Coast rainfall anomalies (see re-

view). The identification of key ocean areas for driving these two basic

rainfall anomaly patterns over sub-Saharan West Africa in summer is

another major aim of this thesis. This could improve the ability to

predict sub-Saharan West African rainfall variability on interannual to

decadal timescales.
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1.4 Contents of my Ph. D. thesis

My thesis is based on three papers/manuscripts which are listed below.

• Chapter 2: Bader J. , and M.Latif, 2003: The impact of decadal-scale

Indian Ocean SST anomalies on Sahelian rainfall and the North At-

lantic Oscillation, Geophysical Research Letters, 30,

DOI 10.1029/2003GL018426.

• Chapter 3: Bader J. , and M.Latif, 2004: Combined Tropical Oceans

Drive Anomalous Sub-Saharan West African Rainfall, Journal of Cli-

mate, submitted.

• Chapter 4: Bader J. , and M.Latif, 2004: North Atlantic Oscillation

response to anomalous Indian Ocean SST in a coupled GCM, Journal

of Climate, submitted.

The thesis is concluded with a Summary/Outlook.
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Abstract

The sea surface temperatures (SSTs) of the tropical Indian Ocean show a

pronounced warming since the 1950s. We have analyzed the impact of this

warming on Sahelian rainfall and on the North Atlantic Oscillation (NAO)

by conducting ensemble experiments with an atmospheric general circula-

tion model. Additionally, we investigate the impact of the other two tropical

oceans on these two climate parameters. Our results suggest that the warm-

ing trend in the Indian Ocean played a crucial role for the drying trend over

the West Sahel from the 1950s to 1990s and may also have contributed to

the strengthening of the NAO during the most recent decades.

2.1 Introduction

The climate of the 20th century exhibited some rather strong decadal-scale

changes. One example is the drying trend in the Sahelian region from the

1950s to the 1990s (Fig. 2.1a). Another is the strengthening of the North

Atlantic Oscillation (NAO, Hurrell 1995), the leading mode of North Atlantic

climate variability, from the 1970s onward (Fig. 2.1b). Both phenomena are

the subject of many observational and modelling papers (e.g., Folland et al.

1986, Hurrell 2003 and articles therein), but it remains controversial which

processes lead to the decadal climate fluctuations. We address in this paper

the role of the tropical Indian Ocean SST in driving these changes, since the

tropical Indian Ocean SST exhibits a remarkable warming trend during the

last 50 years (Figure 2.1c).

The regions north and south of the Sahara desert are regions with climates

that are among the most variable in the world (Ward et al. 1999). The

Sahelian region is located south of the Sahara desert, defined here as the

latitudinal band spanning the African continent from 120N to 200N. The

rainy season is from June to September (JJAS) and associated with the

seasonal movement of the intertropical convergence zone (ITCZ). The West

Sahel JJAS rainfall index (defined from 100W to 100E and from 120N to

200N – indicated by the box in Figures 2.2b, and 2.3a-c) shows a strong

decadal trend. There was anomalously strong rainfall in the 1950s and early
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Figure 2.1: a) Observed JJAS rainfall anomaly over the West Sahel, based

on the Climate Research Unit dataset (mm/month), b) obs erved winter

(DJFM) NAO index defined by Hurrell (1995), c) observed tropical Indian

Ocean SST Index for the JJAS season (in Celsius), based on the Reynolds

SSTs; averaged from the east coast of Africa to 1200E and from 300S to 300N.

The black curves denote the seasonal means, the red curves the 11-yr running

mean or the linear trend.
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1960s (wet mode), followed by an extended anomalously dry period since the

1970s (dry mode) (see Figure 2.1a) that had and continues to have important

economic and social impacts. Observational and model studies show that Sa-

helian rainfall variability is associated with regional and global SST anomaly

patterns. These include changes in the tropical Atlantic (e.g., Lamb 1978a,

b; Hastenrath 1984; Lamb and Peppler 1992; Ward 1998; Vizy and Cook

2001, 2002), in the Pacific (e.g., Janicot 1996; Rowell 2001), in the Indian

Ocean (Palmer 1986, Shinoda and Kawamura 1994), and in the Mediter-

ranean (Rowell 2003). Folland et al. (1986) linked near global changes in sea

surface temperatures to Sahelian rainfall variability. In the first part of this

paper, we investigate the impact of tropical SSTAs on the low-frequency vari-

ability of sub Saharan rainfall by conducting a series of experiments with an

atmospheric general circulation model (AGCM). We investigate the role of

the different tropical ocean basins and their combinations in forcing decadal

Sahelian rainfall anomalies.

In the second part of our study, the model experiments with our atmo-

spheric general circulation model are analyzed with regard to the impact

of tropical SSTs on the extratropical climate, specifically the NAO. The

NAO shows strong interannual and decadal variabilities during the last cen-

tury (Figure 2.1b). Different hypotheses were put forward to explain the

low-frequency changes of the NAO. Internal atmospheric dynamics were sug-

gested by James and James (1989). Saravanan and McWilliams (1997) linked

the low-frequency variability to a stochastic forcing of the atmosphere driv-

ing low-frequency changes in the ocean which feed back on the atmosphere.

In AGCM experiments, Rodwell et al. (1999) and Latif et al. (2000) found

an oceanic control of decadal North Atlantic sea level pressure variability

in winter. Hoerling et al. (2001) linked the recent trend of the NAO to a

warming of the tropical oceans. Our study investigates not only whether

the recent decadal change of the NAO is of tropical origin, but also which

tropical ocean basin contributed most to the change. We focus on the role of

the tropical Indian Ocean, since it exhibits a rather gradual warming trend

during the recent decades (Figure 2.1c).
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2.2 Model and experiments

We use the atmospheric general circulation model ECHAM4.5 (Roeckner

et al. 1996). The model forced by the observed SSTs from 1951 to 1994

reproduces the decadal trend of Sahelian rainfall (Schnitzler et al. 2001) and

simulates the observed low-frequency NAO index variations reasonably well

(Latif et al. 2000). As described above, rainfall over the West Sahel shows a

multidecadal drying trend from the 1950s (wet mode) to the beginning of the

1990s (dry mode). The wet and dry modes are defined here as the periods

from January 1951 to December 1960 and from January 1979 to February

1996, respectively. We examine the decadal-scale response of ECHAM4.5 to

the observed tropical SST anomaly field representing the difference between

the dry and wet mode. The model’s response to the total SST forcing, its

individual components in the different ocean basins and combinations of these

are analyzed. Figure 2.2a shows the tropical (300S-300N) SST difference field

(here for the June to September (JJAS) season) contrasting the situations

between the dry and wet mode in the Sahel. In the 1950s, the tropical SSTs

were considerably colder relative to the 1980s and 1990s, and we address the

impact of these anomalously cold tropical SSTs on Sahelian rainfall and the

NAO. Please note that the strongest cold anomaly is found in the tropical

Indian Ocean, and we are here mostly concerned with the impact of this

anomaly on the tropical and Northern Hemisphere climate. In the dry mode

experiment, the climatological AMIP2-SST (Taylor et al. 2000) is used, while

in the wet mode experiment, the climatological monthly means are computed

from the Reynolds SSTs (Reynolds SST data provided by the NOAA-CIRES

Climate Diagnostics Center, Boulder, Colorado, USA, from their Web site at

http://www.cdc.noaa.gov/). Results are obtained from a set of 21-year long

SST sensitivity experiments. The results are averaged over the last twenty

years and only the mean response (sensitivity run minus control integration)

is shown here.

The integrations are as follows: The control integration is driven with the

climatological AMIP2-SST (dry mode). In the integration ”Global Tropics”,

the full SST anomaly field of Figure 2.2a is added to these values. In the

integrations ”Atlantic”, ”Pacific”, and ”Indic” only the SST anomalies in
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Figure 2.2: a) SST difference field: JJAS SST anomaly in the tropics (Wet-

Mode (1951-1960) minus Dry-Mode (1979-1995)) (in Kelvin) and b) SST

anomaly for the ”Indian Ocean minus 1K” experiment (in Kelvin)
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Figure 2.2a from the respective ocean basins are added to the climatological

AMIP SSTs of the control run.

2.3 Results

In the experiment ”Global Tropics”, the tropical SSTs are changed accord-

ing to Fig. 2.2a in order to simulate the situation in the 1950s. Consistent

with the observations, the tropical SST anomalies produce a precipitation in-

crease in the whole sub-Saharan Sahel region (Figure 2.3a). In particular, the

response is significant according to a two-sided t-test at the 95%-confidence-

level over the West Sahel (indicated by the box). Over the tropical Atlantic,

the model simulates a northward shift of the intertropical convergence zone

(ITCZ), with more rainfall in the north and less in the south.

Next we investigate the rainfall response to the SST anomalies in the in-

dividual tropical ocean basins. In the ”Atlantic” integration, the rainfall

response is primarily characterized by a rainfall decrease over southern West

Africa and the eastern tropical Atlantic. Over the West Sahel significant less

rainfall is simulated (not shown). In the ”Pacific” experiment, a positive

rainfall anomaly is simulated over the eastern Sahel but not over the west-

ern Sahel, and the maximum rainfall anomaly is located close to the Red

Sea (not shown). In the ”Indic” experiment, the rainfall is enhanced over

West Africa, the ITCZ is intensified over the tropical Atlantic Ocean, and

the rainfall is reduced over East Africa (Figure 2.3b). Please note that the

rainfall enhancement over West Africa is associated with an intensification

of the ITCZ and not with a meridional shift. Thus, the Indian Ocean SST

anomalies appear to be most important forcing in driving the decadal drying

trend in the West Sahel. The results of considering the SST forcing in two

ocean basins together (not shown) confirm the importance of the tropical

Indian Ocean for the decadal rainfall change over the West Sahel. Tropical

Atlantic SST anomalies with either the tropical Pacific or Indian Ocean SST

anomalies produces nearly the same rainfall anomalies over North Africa as

the Pacific or Indian Oceans alone. The main influence of the tropical At-

lantic Ocean is on the Atlantic coastal regions and over the Atlantic Ocean

itself. The ”Pacific/Indic” experiment produces a similar rainfall response as
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Figure 2.3: a) Simulated JJAS rainfall anomaly (relative to control inte-

gration) for the experiments with: Full SST anomaly of Figure 2.2a (”Global

Tropics”); b) Indian Ocean portion of Figure 2.2a (”Indic”); c) SST anomaly

of Figure 2.2b (”Indian Ocean minus 1K”); units: mm/month; the box indi-

cates the West Sahel.
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the ”Global Tropics” experiment over the Sahel.

Thus, our SST sensitivity experiments indicate that the Pacific Ocean is the

most important agent in producing the decadal rainfall reduction over the

East Sahel while the tropical Indian Ocean drives the anomalies over the

West Sahel. As described above, the SST of the Indian Ocean shows a pro-

nounced warming since the 1950s. In order to further investigate the role of

the Indian Ocean SST, the tropical Indian Ocean SST of the control integra-

tion is reduced by one Kelvin (see Figure 2.2b) in an additional sensitivity

experiment to ”mimic” the 1950s. Again, significant JJAS rainfall enhance-

ment over West Africa is obtained (Figure 2.3c) confirming our hypothesis

that the tropical Indian Ocean plays an important role in forcing Sahelian

rainfall anomalies. Further analyses of the experiments provide the following

picture: The reduced SSTs in the tropical Indian Ocean lead to less convec-

tion/precipitation over most of the tropical Indian Ocean. This results in

an anomalous downward motion, reduced latent heat release, and upper tro-

pospheric convergence. The anomalous inflow results in anomalous westerly

winds over Africa. This anomalous east-west circulation in the upper atmo-

sphere links the region of anomalous convergence over the Indian Ocean to

the region of anomalous divergence centered over West Africa. The latter is

connected with upward motion over West Africa, and the enhanced convec-

tion is amplified by enhanced moisture convergence and convective heating.

Next, the experiments are analyzed with regard to the impact of tropical

sea surface temperatures on the Northern Hemisphere winter (December to

February (DJF)) climate, specifically the changes of the North Atlantic Os-

cillation. The NAO exhibits a strong upward trend since the 1970s and a

reverse trend in the 1950s and 1960s (Hurrell 1995). In the ”Global Tropics”

experiment, a weakening of both the Icelandic low and the Azorian high is

simulated (Figure 2.4a), which results in a weakening of the NAO and is

in agreement with the observations. Thus, our experiment indicates that

the decadal trend of the NAO in the recent decades contains a tropical SST

forced component, a result that is consistent with findings of Hoerling et

al. (2001). Hoerling (2001), however, did not consider the impact of the

individual tropical ocean basins on the NAO. The results of our experiments

with the SST forcing restricted to individual ocean basins and combinations
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Figure 2.4: a) Simulated DJF sea level pressure (SLP) anomaly (relative

to control integration) for the experiments with: Full SST anomaly of Figure

2.2a (”Global Tropics”); b) Indian Ocean portion of Figure 2.2a (”Indic”);

c) SST anomaly of Figure 2.2b (”Indian Ocean minus 1K”); units: hPa.



2.4. SUMMARY 33

of these show the strongest impact on the NAO from the Indian Ocean (Fig-

ure 2.4b). The sensitivity experiment, in which the tropical Indian Ocean is

simply reduced by one Kelvin (Figure 2.2b) shows a similar NAO response

as the ”Global Tropics” and ”Indian Ocean” experiments (Figure 2.4c). A

t-test indicated that the results are significant at the 95%-confidence-level in

all three experiments, at least in the centers of action. These experiments

indicate that the warming of the Indian Ocean during the last decades seems

to be of large importance for the strengthening of the NAO.

2.4 Summary

In summary, we find by conducting a set of numerical experiments with an at-

mospheric general circulation model that the warming of the Indian Ocean in

the last decades is of paramount importance in driving the observed decadal

drying trend over the West Sahel. We find additionally that the warming of

the tropical Indian Ocean may have also contributed to the strengthening of

the NAO observed during the recent decades.

The role of the tropical Indian Ocean SST in driving Sahelian rainfall anoma-

lies is supported by relatively high anti-correlations between the observed

low-pass-filtered rainfall over the West Sahel and tropical Indian Ocean SSTs

and by an observational study of Shinoda and Kawamura (1994). According

to our experiments, the tropical Pacific’s influence is predominantly over the

East Sahel. The tropical Atlantic impacts rainfall only over the Atlantic itself

and along its coasts, e.g., the Guinea Coast. Furthermore, our experiments

confirm the hypothesis that the recent decade-long strengthening of the NAO

is at least partly of tropical origin. We conclude that the Indian Ocean SSTs

play an important role not only in forcing regional climate anomalies (e.g.,

Latif et al. 1999) but also in driving extra-tropical climate anomalies.
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Abstract

Two large-scale rainfall anomaly patterns describe most of the summer rain-

fall variability over sub-Saharan West Africa. One is an out-of-phase dis-

tribution between Sahel and Guinea Coast summer rainfall anomalies and

the second one is characterized by anomalies of the same sign over these two

areas. The impact of sea surface temperature anomalies (SSTAs) in forcing

these two rainfall anomaly patterns is investigated by analyzing observations

and conducting ensemble experiments with an atmospheric general circu-

lation model. Observations and experiments show that these patterns can

be induced by simultaneous SSTAs in the tropical Indian Ocean and in the

eastern tropical Atlantic. According to the model experiments, simultane-

ous rainfall intensity changes caused by contemporaneous SST changes in

the tropical Indian Ocean and eastern Atlantic can ”mimic” a shift of the

intertropical convergence zone (ITCZ) over West Africa in summer.

3.1 Introduction

Many studies have shown that there exists marked interannual to decadal

rainfall variability over sub-Saharan West Africa (e.g. Ward et al. 1999).

Since the early seventies sub-Saharan West-Africa has suffered from a pro-

longed drought that had and continues to have large effects on farming,

industrial development, health, and electricity (hydro-power) and caused mi-

gration problems. Better predictions of the West African monsoon will have

large social and economic benefits. Improved predictions require a better

understanding of the mechanisms behind West African rainfall variations.

Two large-scale rainfall anomaly patterns describe most of the rainfall vari-

ability over sub-Saharan West Africa (e.g. Nicholson 1980, Janowiak 1988,

Janicot 1992, Nicholson and Palao 1993, Ward 1998, and Nicholson and

Grist 2001): One of these patterns is characterized by anomalies of opposite

signs along Guinea Coast and over the Sahel. This pattern is often referred

as a ”dipole” in the literature. The node of this dipole is centered around

10◦N (e.g. Nicholson and Grist 2001, see also Figures 3.1a and 3.2 in this

paper). It has been suggested that this dipole can be explained by an anoma-
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lous latitudinal location of the ITCZ. The second rainfall anomaly pattern

is characterized by anomalies of the same sign over entire sub-Saharan West

Africa and cannot be explained by a displacement of the ITCZ. Thus, two

causes for the precipitation anomaly patterns over sub-Saharan West Africa

are given: One results from a rainfall intensity change, the other from a dis-

placement of the ITCZ.

Observational and model studies show that sub-Saharan West African rain-

fall variability is associated with regional and global SST anomaly patterns.

These include changes in the Atlantic (e.g. Lamb 1978a, b; Hastenrath 1984;

Lamb and Peppler 1992; Ward 1998; Vizy and Cook 2001, 2002), in the Pa-

cific (e.g. Janicot 1996; Rowell 2001), in the Indian Ocean (Palmer 1986,

Shinoda and Kawamura 1994, Bader and Latif 2003), and in the Mediter-

ranean (Rowell 2003). Folland et al. (1986) linked near global changes in sea

surface temperatures to Sahelian rainfall variability.

Here we show by analyzing observations and conducting ensemble experi-

ments with the atmospheric general circulation model ECHAM4.5 that the

two basic rainfall anomaly patterns (described above) can be induced by si-

multaneous SSTAs in the tropical Indian Ocean and in the eastern tropical

Atlantic (ETA).

3.2 Observations

Figures 3.1a and 3.1b show the first two leading Empirical Orthogonal Func-

tions (EOF)-patterns of the observed July to September (JAS) rainfall over

sub-Saharan West Africa. The rainfall data are from the Climate Research

Unit dataset (New et al. 2000) and cover the time period from 1901 to 1996.

The first EOF-pattern (Figure 3.1a) shows an out-of-phase rainfall variabil-

ity along Guinea Coast and the West Sahel. This type of rainfall variability

is often believed to be associated with changes in the latitudinal location of

the ITCZ (e.g. Janicot 1992). Figure 3.2 shows the correlation coefficients

between the observed JAS rainfall averaged over the box centered near 15◦N

with the observed JAS rainfall over West Africa. One finds positive correla-

tion coefficients between the JAS rainfall over the West Sahel and over West

Africa approximately north of 10◦N and negative south of this latitude. The
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a)

b)

Figure 3.1: Empirical Orthogonal Function (EOF) analysis loading patterns

of the observed July to September rainfall; (a) EOF1, (b) EOF2.
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Figure 3.2: Correlation coefficients between the observed JAS rainfall aver-

aged over the box with the observed JAS rainfall over West Africa.

anti-correlations between the rainfall over the West Sahel and large parts

along Guinea Coast are significant at the 95% confidence level (according to

two-tailed t-test), albeit weak (r ≈ [−0.3,−0.2]). The correlation analysis

seems to support the existence of a ”dipole” mode between the West Sahel

and Guinea Coast. The second EOF-pattern (Figure 3.1b) is characterized

by anomalies of the same sign over West Africa. This type of variability is

often believed to be associated with intensity changes of the ITCZ.

We address the following question: What are the causal factors governing

these two basic/fundamental types of rainfall variability. Explaining the

mechanisms behind the two types of rainfall patterns could also help to bet-

ter predict rainfall variability over sub-Saharan West Africa.

We concentrate on the role of SST variations driving these two types of

rainfall variability. To find the ocean areas most important to the rainfall

variability, we correlated two observed rainfall indices with the observed SSTs

considering the JAS season. The West Sahel index is defined from 10◦W to

10◦E and from 12◦N to 20◦N, the Guinea Coast index from 10◦W to 10◦E and

from the South Coast to 9◦N. These two boxes are indicated in Figures 3.3a

and 3.3b, respectively. The SST data are of the Hadley Centre for Climate

Prediction and Research (Rayner et al. 2003) and the rainfall data of the Cli-
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a)

b)

Figure 3.3: Correlation between the observd JAS SST and the observed JAS

rainfall averaged over: a) the Guinea Coast area (indicated by the box) ; b)

the West Sahel region (indicated by the box).

mate Research Unit dataset (New et al. 2000). All time series were linearly

detrended before computing the correlations. The time period considered ex-

tends from 1901 to 1996. The strongest correlations between Guinea Coast

rainfall and SST is in the eastern tropical Atlantic (ETA)(r ≈ 0.6; Figure

3.3a). The SST anomaly pattern is that of the equatorial Atlantic oscillation,

an El Niño-like mode in the eastern equatorial Atlantic (e. g. , Zebiak 1993,

Latif and Grötzner 2000).

The correlation pattern between Sahelian rainfall and tropical Atlantic SSTs

is mainly characterized by positive correlation coefficients in the North and

negative in the South Atlantic. Lamb and Peppler (1992) linked in an ob-

servational study Sahelian drought years to a distinctive basin wide SST

anomaly pattern: Positive SST anomalies south of 10◦N and negative anoma-

lies between 10◦ − 25◦N. Unfortunately the results were not characteristic of

the extremely deficient sub-Saharan rainy season 1983. These findings may

indicate that SST’s from other ocean areas are important in forcing Sahe-

lian rainfall. This seems to be confirmed by our correlation analysis. The
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strongest correlation between West Sahel rainfall and global SST is in the

Indian Ocean, with negative correlations amounting to −0.5 (Figures 3.3b).

This link is confirmed by model studies. Bader and Latif (2003) showed that

Indian Ocean SST anomalies produce significant rainfall anomalies over the

West Sahel in atmospheric general circulation model (AGCM) experiments.

There are also some anti-correlations between Sahel rainfall and the SSTs

in the ENSO region. In spite of this we shall focus on the Indian Ocean,

because first, the anti-correlation with the Indian Ocean is highest and sec-

ond, no apparent relationship between ENSO and the dipole rainfall anomaly

pattern was found by Janowiak (1988). At least parts of the anti-correlation

between Sahel rainfall and the SSTs in the ENSO region might be explained

by the impact of ENSO on the Indian Ocean. The results of Nicholson (1997)

strongly indicate that the ENSO signal in rainfall is manifested via ENSO’s

influence on SSTs in the Atlantic and Indian Ocean, which in turn modulate

the interannual rainfall variability over Africa. If the tropical Indian and

eastern tropical Atlantic Oceans are the key areas driving rainfall anoma-

lies over the sub-Saharan West Africa region, then the two basic patterns of

rainfall variability should be reproducible in atmospheric general circulation

model (AGCM) experiments by changing the SSTs in these two ocean areas.

This idea is tested by ensemble SST-sensitivity-experiments with an AGCM,

described next.

3.3 Model and experiments

In this study, the atmospheric general circulation model ECHAM4.5 (Roeck-

ner et al. 1996) is used. The horizontal resolution is T42 (2.8◦
× 2.8◦). The

control integration is forced by the climatological AMIP2-SST (Taylor et

al. 2000). The climatological AMIP2-SST covers the period from January

1979 to February 1996 and consists of a seasonal cycle of twelve monthly

values. Figures 5.3a and 5.3b show the annual cycle of observed and simu-

lated precipitation along Guinea Coast and over the West Sahel. The solid

lines show the observations (CRU) and the dotted-dashed lines the simulated

rainfall of the control integration. The main features along Guinea Coast are

two rainfall maxima, one in June and one in September. The ECHAM4.5
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a)

b)

Figure 3.4: Annual cycle of the precipitation averaged over a) the Guinea

Coast region and b) the West Sahel; solid line: observation (CRU); dot dashed

line: simulated rainfall of the CTRL integration; units: mm/month.
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Figure 3.5: Illustration of the SST anomaly in the individual experiments.

simulation shows the spring maxima one month earlier and the fall maximum

one month later than observed. The strength of the simulated rainfall along

Guinea Coast is in good agreement with the observations.

The rainfall over the West Sahel is strongly seasonally concentrated. Approx-

imately eighty percent of the annual rainfall occurs during July-September

(Figure 5.3b). Small amounts of rain fall in the adjacent months May, June

and October. The model reproduces the observed rainfall maximum in Au-

gust, but it overestimates the rainfall in spring and autumn. Concerning

the main rainy season July-September the model reproduces the observed

rainfall amounts in July-August in good agreement with the observations.

In the SST-sensitivity-experiments, the climatological SST of the control in-

tegration (Taylor et al. 2000) is changed by plus and minus one Kelvin in

either the ETA (from 14◦W to the west coast of Africa and from 7◦S to

the south coast of West Africa) or the tropical Indian Ocean (from the east

coast of Africa to 120◦E and from 30◦S to 30◦N) or in both (Figure 3.5).

The model’s response to these eight SSTA patterns on the sub-Saharan West

African rainfall is analyzed in detail. Results are obtained from a set of 21-

year long SST-sensitivity-experiments. The results are averaged over the last

twenty years and only the JAS mean response (sensitivity run minus control

integration) is shown here.
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3.4 Results

First, we test whether the two observed basic rainfall anomaly patterns are

due to internal variability of the atmosphere or if other feedbacks – e.g.

SST variations – are essential in causing theses patterns. Figures 3.6a and

3.6b show the two leading EOFs of the JAS rainfall occurring in our at-

mospheric model driven with climatological SSTs (our CTRL simulation).

The first EOF-pattern is mainly characterized by variability concentrated

over the central West Sahel. The second EOF-pattern shows an east-west

like dipole pattern. Since the observed large-scale rainfall anomaly patterns

do not emerge as the leading rainfall anomaly patterns in our atmospheric

model simulation forced by climatological SSTs other external factors must

be essential in producing these patterns.

Now the results of considering the SST forcing of only one ocean region

(eastern tropical Atlantic (ETA) or Indian Ocean) at a time on the sub-

Saharan West African rainfall are presented. Reducing/enhancing the SST

by one Kelvin in the ETA reduces/amplifies significantly the rainfall along

Guinea Coast and over the Atlantic. No clear impact of the ETA-SST on

the rainfall over large parts of the West Sahel is obtained (Figures 3.7a and

3.7b). In particular, no ”dipole” distribution of the rainfall between Guinea

Coast and the West Sahel is simulated in the ”ETA minus one Kelvin”-

experiment. Also in the second experiment, no clear out-of-phase rainfall

anomaly pattern is simulated. The rainfall anomalies are only significant to

approximately 10◦N and the anomalies show a tripole like pattern over the

West Sahel (negative anomalies over the west, positive over the central and

negative over the east). The dominant impact of the ETA on sub-Saharan

West African rainfall is confined to the coastal regions, and the rainfall re-

sponse is almost linear. The reduced/enhanced SSTs in the eastern tropical

Atlantic lead to reduced/enhanced evaporation. This leads to a significant

reduction/enhancement of the water vapor content of the lower troposphere

over the eastern tropical Atlantic and the surrounding coastal regions (Figure

3.8) and therefore to a reduction/enhancement of precipitable water. The

simulated rainfall response along Guinea Coast is consistent with the positive

correlation computed from the observations.
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a)

b)

Figure 3.6: Empirical Orthogonal Function (EOF) analysis loading patterns

of the simulated July to September rainfall in an atmospheric model driven

with climatological SSTs; (a) EOF1, (b) EOF2.
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a)

b)

Figure 3.7: Simulated JAS rainfall anomaly (relative to control integration)

for the experiments with: a) eastern tropical Atlantic reduced by one Kelvin;

b) eastern tropical Atlantic enhanced by one Kelvin; units: mm/month.
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a)

b)

Figure 3.8: Simulated 1000hPa JAS humidity anomaly (relative to control

integration) for the experiments with: a) eastern tropical Atlantic reduced by

one Kelvin; b) eastern tropical Atlantic enhanced by one Kelvin; units: g/kg;

shading indicates significant changes at the 95% confidence level according to

a two-tailed t-test.
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In contrast to the ETA SSTs, reducing/enhancing tropical Indian Ocean

SST leads to a significant rainfall enhancement/reduction over the Sahelian

region and over the tropical Atlantic Ocean (Figures 3.9a and 3.9b). No

out-of-phase rainfall distribution between Guinea Coast and the West Sa-

hel is simulated. The simulated rainfall response over the West Sahel is also

consistent with the anti-correlation computed from the observations. The re-

duction/enhancement of precipitation is due to large-scale subsidence/ascent

over sub-Saharan West Africa (Figure 3.10). Note that the unit of the verti-

cal velocity ω is in Pa/s – negative values indicate upward motion, positive

values downward motion. The anomalous descending/ascending motion sup-

presses/enhances convective activity.

Further analyses of these two Indian Ocean only experiments provides the

following mechanism by which these circulation changes are induced by the

Indian Ocean SST anomalies: Reduced/enhanced SSTs in the tropical In-

dian Ocean lead to less/enhanced convection over the west and central trop-

ical Indian Ocean. This results in an anomalous downward/upward mo-

tion, reduced/enhanced latent heat release in the western and central Indian

Ocean. This induces an anomalous zonal overturning circulation (Figure

3.11 – note the vertical velocity is multiplied by (−1)× 102). Over the West

Sahel, upward/downward motion is simulated in the middle and upper tropo-

sphere enhancing/suppressing convection. Interestingly, a reduced/enhanced

200hPa Tropical Easterly Jet (TEJ) over West Africa is associated with en-

hanced/reduced convection. Although there is less agreement as to the role

that the TEJ plays in rainfall variability (Nicholson and Grist 2003), obser-

vational studies show that wet/dry years in the Sahel are associated with

a stronger/weaker TEJ (Newell and Kidson 1984; Fontaine et. al. 1995 and

Nicholson and Grist 2001). Forcing our model with the tropical SST pattern

associated with the wet and dry mode in the Sahel (see Bader and Latif 2003)

the model is able to produce the observed connection between TEJ and Sahel

rainfall. These experiments may indicate that a change of the TEJ is not an

essential forcing of Sahelian rainfall, but rather a consequence of the changed

zonal overturning circulation induced by SST anomalies.

Next, the SST is changed simultaneously in both the tropical Indian Ocean

and the ETA. The response to a negative SSTA in both ocean areas is a signif-
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a)

b)

Figure 3.9: Simulated JAS rainfall anomaly (relative to control integration)

for the experiments with: a) Indian Ocean reduced by one Kelvin; b) Indian

Ocean enhanced by one Kelvin; units: mm/month.
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a)

b)

Figure 3.10: Simulated 500 hPa JAS vertical velocity (ω) anomaly (relative

to control integration) for the experiments with: a) Indian Ocean reduced by

one Kelvin; b) Indian Ocean enhanced by one Kelvin; units: Pa/s; shading

indicates significant changes at the 95% confidence level according to a two-

tailed t-test).
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a)

b)

Figure 3.11: Coloring shows vertical velocity anomaly (in Pa/s; multiplied

by (−1)×102) and vectors the zonal and vertical wind anomaly (u-component

in m/s; z-component in Pa/s but multiplied by (−1)×102) for the experiments

with: a) Indian Ocean reduced by one Kelvin; b) Indian Ocean enhanced by

one Kelvin; u- and z-component averaged from 12◦N to 20◦N.
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icant rainfall enhancement over the West Sahel and a reduction along Guinea

Coast (Figure 3.12a). Enhancing the SST in these two ocean areas produces

also a clear out-of-phase precipitation anomaly pattern over sub-Saharan

West Africa, but with reversed sign: less rainfall over the West Sahel and

increased precipitation along Guinea Coast (Figure 3.12b). Apparently, the

rainfall response is almost linear with a clear out-of-phase rainfall anomaly

pattern simulated in both experiments. The dividing line is centered in both

experiments near 10oN . This is in agreement with observational findings of

Nicholson and Grist (2001) and with our correlation analysis of the observed

rainfall variability (Figure 3.2).

The two experiments show that SSTAs of the same sign in the ETA and

the Indian Ocean are able to produce the out-of-phase rainfall anomaly pat-

tern. This out-of-phase rainfall anomaly pattern looks like a shift of the

intertropical convergence zone (ITCZ) over West Africa. This ”shift” of the

ITCZ, however, is caused by different SST forcings dominating the response

in the north and south. In the north, the remote SST forcing of the In-

dian Ocean leads to the rainfall change. Over the south of West Africa (to

≈ 10◦N), the more local SSTs from the ETA region are the controlling forc-

ing. Hence, we explain the anti-correlation of West Sahel and Guinea Coast

rainfall by the precipitation response in these two regions being dominated

by the two different ocean areas, mutually exclusively. Taking into account

the two experiments in which only the SSTs in the ETA are changed, it can

be concluded that the ETA is a dominant SST forcing for the rainfall along

the Guinea Coast. This dominant SST forcing for the rainfall along Guinea

Coast is maintained in the ETA/Indian Ocean experiments to approximately

10◦N . Over the West Sahel, the Indian Ocean SSTs play the crucial role for

the precipitation in this region.

In the literature two main causes for rainfall changes over West Africa are

given: intensity changes and location changes of the ITCZ. According to our

experiments simultaneous rainfall intensity changes caused by a forcing of

the two different oceanic regions can ”mimic” a shift of the ITCZ over West

Africa. Thus, at least in some cases, location changes of the ITCZ can be

caused by intensity changes originating in different ocean basins.

Figure 3.13 shows the correlation coefficients between the observed JAS east-
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a)

b)

Figure 3.12: Simulated JAS rainfall anomaly (relative to control integra-

tion) for the experiments with: a) Indian Ocean and eastern tropical At-

lantic reduced by one Kelvin; b) Indian Ocean and eastern tropical Atlantic

enhanced by one Kelvin; units: mm/month.
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Figure 3.13: Correlation between the observed JAS SST averaged over the

eastern tropical Atlantic area (indicated by the box) and the observed JAS

SST.

ern tropical Atlantic SSTs (indicated by the box) and the observed JAS In-

dian Ocean SSTs. No significant relationship of the ETA and the Indian

Ocean SSTs is found over most of the tropical Indian Ocean. This may in-

dicate that the SSTs in the eastern tropical Atlantic and the Indian Ocean

develop more or less independently. However, further analysis is needed:

Can, for example, an Indian Ocean warming drive through an ”atmospheric

bridge” an Atlantic SST response that in turn engages an African rainfall

response? Possible interactions between Indian and Atlantic Oceans SSTs

and the cause of the SST anomalies will be subject of a forthcoming paper

and is beyond the scope of this paper. This study concentrates on the impact

of SST anomalies on sub-Saharan West African rainfall and not on the origin

of the SST anomalies. Provided that the SSTs in the ETA and in the Indian

Ocean develop more or less independently, our experiments indicate that the

out-of-phase rainfall distribution is not necessarily a physical mode.

An important implication is also that the rainfall enhancement/reduction

over the West Sahel is not necessarily associated with a supply of unusually

wet/dry air to West Africa from the tropical Atlantic. In the experiment, in

which the SSTs in the Indian Ocean and the ETA are enhanced by one Kelvin

simultaneously, a significant enhancement of the low level specific humidity

is simulated in the source region, the tropical Atlantic (Figure 3.14). In spite
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Figure 3.14: Simulated 1000hPa JAS humidity anomaly (relative to con-

trol integration) for the experiment with Indian Ocean and eastern tropical

Atlantic enhanced by one Kelvin; units: g/kg; shading indicates significant

changes at the 95% confidence level according to a two-tailed t-test.

of this humidity increase the rainfall over the West Sahel is reduced (Figure

3.12b). Observational findings of Lamb and Peppler (1992) support our re-

sult: In the year 1983, the rainfall was extremely deficient in the Sahel but

the SST departures were positive over much of the tropical Atlantic. Please

note that the SSTs in the Indian Ocean were much higher than normal in

the year 1983 (Figure 3.15b).

The out-of-phase rainfall anomaly pattern is also evident on decadal timescales

(Nicholson and Grist 2001). Figures 3.15a and 3.15b show the observed area-

averaged SST indices of the ETA and the tropical Indian Ocean. A clear

warming trend is observed since the 1950s in both the ETA and the tropical

Indian Ocean (Figure 3.15). This simultaneous decadal warming trend may

be responsible for the out-of-phase rainfall anomaly pattern that is also ob-

served on decadal timescales, as suggested by our model experiments.

Finally, two additional experiments are performed in which the imposed

SSTAs in the Indian Ocean and in the ETA are of opposite signs. The

two experiments show significant rainfall reduction/enhancement over the

whole sub-Saharan West African region (Figures 3.16a and 3.16b), i.e. the
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Figure 3.15: Observed area-averaged SST Index for: a) eastern tropical

Atlantic; b) tropical Indian Ocean; both for the JAS season (in Celsius),

based on the Reynolds SSTs; the black curves denote the JAS means; the red

curves the linear trend.



3.5. CONCLUSIONS 61

monopolar pattern shown in Figure 3.1b. Thus, both leading rainfall vari-

ability patterns can be driven by combinations of anomalous SSTs in the

Indian Ocean and the ETA.

The correlation analysis shows also a relationship between Sahelian rainfall

and Atlantic and Pacific SSTs. Therefore, some additional experiments are

performed in which the SST is changed in the tropical North and South

Atlantic and in the NINO3 (150◦W − 90◦W ; 5◦S − 5◦N) area. These exper-

iments are especially performed in order to investigate the role of the inter-

hemispheric Atlantic SST gradient and ENSO on Sahelian rainfall via the

atmosphere. The results of the experiments are discussed only briefly here.

The focus is on the impact of eastern tropical Atlantic and Indian Ocean SST

anomalies on Sahelian and Guinea Coast rainfall. When changing the SST in

the North and South Atlantic our model simulates significant rainfall reduc-

tions over the Sahelian area (not shown). No significant rainfall enhancement

over the Sahel is simulated by changing only Atlantic SSTs – except along the

Sahelian West Coast (not shown). Further, an SST-sensitivity-experiment in

which we changed the SSTs in the NINO3 (150◦W − 90◦W ; 5◦S − 5◦N) area

simulates no significant impact on the West Sahelian summer rainfall (not

shown). The ”ENSO”-experiment indicates that there is no significant direct

impact of SSTs in the ENSO region on West Sahelian rainfall. This might

confirm the findings of Nicholson (1997) that the ENSO signal in rainfall is

due to ENSO’s impact on Atlantic and Indian Oceans SSTs. The Atlantic

experiments as well as the findings of Lamb and Peppler (1992) confirm that

other mechanisms (e.g. teleconnections from other ocean areas) may play an

important role in Sahelian rainfall.

3.5 Conclusions

We have identified the Indian and eastern tropical Atlantic Oceans as two

key ocean areas for driving the two basic rainfall anomaly patterns over

sub-Saharan West Africa in summer. By changing the SSTs in these two

ocean areas simultaneously in atmosphere model experiments we are able

to simulate the observed two basic patterns of the boreal summer rainfall

variability over sub-Saharan West Africa. The dominant SST forcing along
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a)

b)

Figure 3.16: Simulated JAS rainfall anomaly (relative to control integra-

tion) for the experiments with: a) Indian Ocean enhanced and eastern tropical

Atlantic reduced by one Kelvin; b) Indian Ocean reduced and eastern tropical

Atlantic enhanced by one Kelvin; units: mm/month.
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Guinea Coast are the SST anomalies of the eastern tropical Atlantic and

the associated anomalous water vapor content of the lower troposphere. The

impact of these SST anomalies in the eastern tropical Atlantic on the boreal

summer rainfall over sub-Saharan West Africa is confined to approximately

10◦N. The rainfall north of this latitude (e. g. , over the West Sahel) is linked

via changes in the large-scale atmospheric circulation to changes of the In-

dian Ocean SST. These findings are confirmed by our correlation analysis

between the observed July to September rainfall indices of our two regions

and the observed July to September sea surface temperatures. The out-of-

phase rainfall anomaly pattern is associated with SST anomalies of the same

sign in the eastern tropical Atlantic and the Indian Ocean. Opposite SST

changes in these two ocean areas lead to a monopolar rainfall change over

the whole west sub-Saharan region.

Intensity and position changes of the ITCZ are referred to as the main causes

for rainfall changes over West Africa in the literature. Our analysis shows

that rainfall intensity changes – originating in different ocean basins – can

”mimic” a shift of the ITCZ in summer. Hence, position changes of the ITCZ

over sub-Saharan West Africa can partly be deduced from intensity changes

caused by SST anomalies in different oceans.

Our simulations indicate that a rainfall enhancement/reduction over the West

Sahel is not necessarily linked to a supply of exceptionally wet/dry air to West

Africa from the tropical Atlantic.

Since tropical SSTs appear to be predictable at least one season ahead, our

results imply a great deal of predictability in sub-Saharan West African rain-

fall.
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Abstract

The dominant pattern of atmospheric variability in the North Atlantic sector

is the North Atlantic Oscillation (NAO). Since the 1970s the NAO is well

characterized by a trend towards it’s positive phase. Recent atmospheric gen-

eral circulation model studies have linked this trend to a progressive warming

of the Indian Ocean. Unfortunately, a clear mechanism – responsible for the

change of the NAO – could not be given. This study provides further de-

tails of the NAO response to Indian Ocean sea surface temperature (SST)

anomalies. We do this by conducting experiments with a coupled ocean-

atmosphere general circulation model (OAGCM). We develop a hypothesis

of how the Indian Ocean impacts the NAO.

4.1 Introduction

The NAO is a large-scale alternation of atmospheric mass with centers of

action near the Icelandic Low and the Azorian High. It is the dominant

pattern of atmospheric variability in the North Atlantic sector throughout

the year, although it is most pronounced during the winter and accounts for

more than one-third of the total variance in sea level pressure (Cayan 1992,

Hurrell 2003 and references therein). The NAO shows strong interannual and

decadal variabilities during the last century (Figure 4.1). The NAO exhibits

a strong upward trend since the 1970s and a reverse trend in the 1950s and

1960s (Hurrell 1995). Different hypotheses were put forward to explain the

low-frequency changes of the NAO. Internal atmospheric dynamics were sug-

gested by James and James (1989). Saravanan and McWilliams (1997) linked

the low-frequency variability to a stochastic forcing of the atmosphere driv-

ing low-frequency changes in the ocean which feed back on the atmosphere.

In atmospheric general circulation model (AGCM) experiments, Rodwell et

al. (1999) and Latif et al. (2000) found an oceanic control of decadal North

Atlantic sea level pressure variability in winter. Using atmospheric general

circulation models Hoerling et al. (2001, 2004), Bader and Latif (2003), and

Hurrell et al. (2004) recently showed that the progressive warming of the

Indian Ocean (see Figure 4.2) may be a principal contributor to the recent
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Figure 4.1: Observed winter (DJFM) NAO index defined by Hurrell (1995).

The black curve denotes the seasonal mean, the red curve the 11-yr running

mean.
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change of the North Atlantic Oscillation. This study puts forward a hypothe-

sis of how the Indian Ocean sea surface temperature anomalies may affect the

North Atlantic Oscillation. Since we are using a coupled ocean-atmosphere

model in which the SSTs are interactively calculated in the Atlantic sector

we are able to account for ocean-atmosphere feedbacks in this sector.

4.2 Model and Experiments

The model used in this study is the global ocean-atmosphere-sea ice model

MPI-OM/ECHAM5. A detailed description of the atmosphere model ECHAM5

is given in a technical report (Roeckner et al. 2003). The ocean model is de-

scribed in Marsland et al. (2003). First applications of the coupled model are

studies of Latif et al. (2003) and Pohlmann et al. (2004). The atmospheric

model is run at T31 (≈ 3.75◦
× 3.75◦) horizontal resolution with 19 vertical

levels. The ocean model MPI-OM is run at a horizontal resolution of ≈ 3◦
×3◦

with 40 vertical levels. The model does not employ flux corrections. A 200-

year-long control simulation is performed – initialized at year 140 of another

control integration to get rid of the spin up. Additionally, two sensitivity

experiments are performed. In these experiments the ocean temperature of

the first layer in the tropical Indian Ocean (see Figure 4.3) is prescribed using

climatological SST of the control integration and a trend is superimposed.

In the first 75 years, the climatological values are enhanced/reduced by 1.5

Kelvin in the tropical Indian Ocean. Thereafter the SST in the Indian Ocean

is kept constant (Figure 4.4). Please note that the trend is much stronger

than the interannually produced variability in the control integration. In

all other ocean areas than the tropical Indian Ocean the SST is calculated

interactively.

Figure 4.5 shows the leading empirical orthogonal function (EOF) pat-

tern of the winter – December to February (DJF) – sea level pressure in the

Atlantic area of the control integration. The model simulates realistically

the North Atlantic Oscillation pattern. The model is able to capture the

essential feature of the observed NAO, the mass exchange between the high

latitudes and midlatitudes.

Additionally, sensitivity experiments are performed with the atmospheric
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Figure 4.2: Observed annual tropical Indian Ocean SST Index (in Celsius),

based on the Reynolds SSTs; averaged from the east coast of Africa to 120◦E

and from 30◦S to 30◦N. The black curve denotes the annual means, the red

curve the linear trend.
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Figure 4.3: Red coloring shows the area of the tropical Indian Ocean in

which the sea surface temperatures are prescribed for the individual OAGCM

SST-sensitivity experiments.
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Figure 4.4: Annual sea surface temperatures averaged over the tropical In-

dian Ocean: for the control integration (black curve); for the SST-sensitivity

experiment ”warm Indian Ocean” (red curve); for the SST-sensitivity exper-

iment ”cold Indian Ocean” (blue curve); units [Kelvin].
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Figure 4.5: First Empirical Orthogonal Function (EOF) loading pattern of

the simulated winter (DJF) sea level pressure of the OAGCM control inte-

gration.
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general circulation model ECHAM4.5 (Roeckner et al. 1996) run in stand-

alone mode. The model forced by the observed SSTs from 1951 to 1994

simulates the observed low-frequency NAO index variations reasonably well

(Latif et al. 2000). The climatological AMIP2-SSTs (Taylor et al. 2000) are

used for the control experiment. Two sensitivity experiments are performed.

In the first sensitivity experiment the climatological SSTs in the whole trop-

ical Indian Ocean are reduced by one Kelvin (Figure 4.6a). In the second

a)

b)

Figure 4.6: SST anomaly for a) the Indian Ocean minus 1K AGCM exper-

iment; b) the western Indian Ocean minus 1K AGCM experiment.

sensitivity experiment the SST anomalies are restricted to the western trop-

ical Indian Ocean (Figure 4.6b). Results for the AGCM experiments are

obtained from a set of 21-year long SST sensitivity experiments. The results

are averaged over the last nineteen years and only the mean December to

February (DJF) response (sensitivity run minus control integration) is shown

here.
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4.3 Results

Figures 4.7a and 4.7b show the mean December to February (DJF) sea

level pressure response for the two individual OAGCM sensitivity simula-

tions (mean of the sensitivity experiment minus mean of the control inte-

gration; the means are computed over the whole integration length). The

sea level pressure response to a warm/cold Indian Ocean shows a meridional

seesaw pattern, with low/high SLP anomalies north of approximately 55◦N

and high/low SLP south of this latitude. A warm Indian Ocean produces

a stronger (Figure 4.7a) and a cold Indian Ocean a weaker NAO (Figure

4.7b). To first order the response is almost linear. The response patterns

are very similar to the first EOF loading pattern of the simulated winter sea

level pressure of the control integration. These coupled atmosphere-ocean

experiments confirm the findings that slow changes in the state of the ocean

force the NAO on longer time scales (e. g. Rodwell et al. 1999 and Latif et

al. 2000) and especially show a clear Indian Ocean impact on the NAO. This

is in agreement with the findings of e. g.Hoerling et al. (2001, 2004), Bader

and Latif (2003) and Hurrell et al. (2004) who analyzed AGCM experiments.

Key questions concern the mechanisms by which changes in the tropical

Indian Ocean SSTs can influence the NAO. It is well established that trop-

ical SST anomalies impact tropical rainfall and, thus, latent heating, which

in turn drives changes in atmospheric circulation at higher latitudes (Ho-

erling et al. (2001)). A prominent example is El Niño (see e. g. Trenberth

et al. 1998). How does the Indian Ocean affect the North Atlantic sector?

The study by Branstator (2002) shows that disturbances in the vicinity of

the mean jets, especially the South Asian Jet, lead to covariability between

widely separated points. He shows that the NAO is likely to include contri-

butions from the circumglobal waveguide pattern. Based on this study we

would like to show that the circumglobal teleconnection associated with the

South Asian Jet Stream may be the link between the Indian Ocean warming

and the recent trend of the North Atlantic Oscillation, which was also sug-

gested by Lu et al. (2004) as a topic for future study.

First, we show that this type of circumglobal wave is simulated in our model.

We begin our analysis by considering the 300hPa meridional wind in our con-
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a)

b)

Figure 4.7: Mean DJF sea level pressure anomaly (relative to control inte-

gration): a) for the SST-sensitivity experiment ”warm Indian Ocean”; b) for

the SST-sensitivity experiment ”cold Indian Ocean”; units [hPa].
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Figure 4.8: Correlation of winter (DJF) 300hPa meridional wind aver-

aged over the black box and winter 300hPa meridional wind in the Northern

Hemisphere.

trol integration of the coupled model. To show covariability between points

in the South Asian Jet and distant regions, the correlation between the winter

(DJF) 300hPa meridional wind averaged over the area from 55◦E to 65◦E and

from 25◦N to 35◦N – indicated by the black box in Figure 4.8 – and the DJF

meridional wind in the Northern Hemisphere in our control integration is cal-

culated. Figure 4.8 reveals an anomaly pattern with alternating signs which

is meridionally confined to the vicinity of the jets and consists of anomalies

which are zonally oriented extending over the whole Northern Hemisphere.

This circumglobal covariability is confirmed by the first EOF of the win-

ter 300hPa meridional wind in the control run (Figure 4.9). Our findings

are in agreement with the more comprehensive analysis of Branstator (2002)

who found the largest teleconnectivity in the jet stream waveguide both in

simulations and observations. In the following we test whether there is any

connection between the NAO and this circumglobal pattern in our control

simulation. Figure 4.10 shows the correlation between the NAO index – the

first principal component (PC1) of winter sea level pressure in the Atlantic

sector (region displayed in Figure 4.5) – and the winter 300hPa meridional

wind. To show the similarity in the correlation and in the circumglobal pat-

tern of Figure 4.9 the crosses in Figure 4.10 mark the centers of the ten lobes

of the circumglobal pattern. In agreement to Branstator (2002) we find that

the NAO is likely to have contributions from the circumglobal pattern.
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Figure 4.9: The leading EOF of Northern Hemisphere 300hPa winter (DJF)

meridional wind [m/s per standard deviation].

Figure 4.10: Correlation of winter (DJF) 300hPa meridional wind with the

first principal component of winter (DJF) sea level pressure over the North

Atlantic sector (NAO index) in the control integration. The crosses mark the

centers of the ten lobes in the EOF1 plot of the meridional wind in Figure

4.9.
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Figure 4.11: Correlation of winter (DJF) 300hPa zonal wind with the first

principal component of winter (DJF) meridional wind in the control integra-

tion.

Next, we investigate wheather the circumglobal pattern of Figure 4.9 is as-

sociated with zonal wind anomalies. Figure 4.11 shows the correlation coef-

ficients between the circumglobal pattern index – PC1 of the winter 300hPa

meridional wind – and the zonal wind in the control integration. We find

a wave-like pattern spanning the whole Northern Hemisphere, and the cir-

cumglobal pattern is associated with zonal wind anomalies in the area of the

South Asian Jet (Figure 4.11). The pattern in the South Asian region (from

the equator and 45◦N and eastward from 0◦ to 120◦E) is characterized by

positive correlation coefficients in the western part of the South Asian Jet

and negative ones over the north western Indian Ocean. Additionally, we

show the relationship between the NAO and the zonal wind anomalies. Fig-

ure 4.12 shows the correlation between the NAO index – the first principal

component (PC1) of winter sea level pressure in the Atlantic sector (region

displayed in Figure 4.5) – and the winter 300hPa zonal wind in the control

simulation. We find the typical NAO wind anomalies in the Atlantic sector

and a similar correlation pattern in the South Asian Jet region as that in

Figure 4.11.

We have shown that changes in the NAO are associated with changes in

the South Asian Jet via the circumglobal pattern. An amplified/reduced

NAO is connected with a stronger/weaker South Asian Jet especially in the

area around 60◦E. Hence, we shall test next if similar changes of the South
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Figure 4.12: Correlation of winter (DJF) 300hPa zonal wind with the first

principal component of winter (DJF) sea level pressure over the North At-

lantic sector (NAO index) in the control integration.

Asian Jet as those in Figures 4.11 and 4.12 are produced in our sensitivity

experiments.

Figures 4.13a and 4.13b show the simulated winter zonal wind response

of the warm and cold Indian Ocean experiments. The warm Indian Ocean

experiment (strong NAO) is characterized by positive anomalies in the area

of the Asian jet and negative over the north western Indian Ocean (Figure

4.13a) and vice versa for the cold experiment (weak NAO; Figure 4.13b).

The cause for the intensity change of the South Asian Jet could be the ther-

mal wind balance due to a change of the horizontal temperature gradient.

Figure 4.14 shows the winter precipitation response for the two OAGCM

sensitivity experiments. The precipitation response especially near the south

equatorial Indian Ocean is characterized by an increase/reduction in rainfall

due to higher/lower SSTs. The enhancement/decrease in latent heat re-

lease increases/reduces the meridional temperature gradient up to the mid-

troposphere which then intensifies/weakens the South Asian Jet. Figure

4.15a shows the timeseries of the simulated South Asian Jet index – zonal

wind in 300hPa averaged from 40◦E to 80◦E and from 30◦N to 45◦N – for

the individual OAGCM simulations. Additionally, the NAO indices for the

individual experiments are shown in 4.15b. The NAO index here is defined

by the difference in box-averaged normalized DJF sea level pressure between

a southern and a northern box in the North Atlantic sector. The northern
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a)

b)

Figure 4.13: Mean simulated winter (DJF) zonal wind anomaly (relative

to control integration): a) for the SST-sensitivity experiment ”warm Indian

Ocean”; b) for the SST-sensitivity experiment ”cold Indian Ocean”; [m/s].
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a)

b)

Figure 4.14: Mean simulated winter (DJF) precipitation anomaly (relative

to control integration): a) for the SST-sensitivity experiment ”warm Indian

Ocean”; b) for the SST-sensitivity experiment ”cold Indian Ocean”; units

[mm/month].
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Figure 4.15: Simulated 11-yr running mean timeseries of the winter (DJF)

a) zonal wind anomaly index in the South Asian Jet regio n and b) NAO index

(relative to the mean of the control integration) for the control integration

(black curve); for the SST-sensitivity experiment ”warm Indian Ocean” (red

curve); for the SST-sensitivity experiment ”cold Indian Ocean” (blue curve).
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box is defined from 60◦W to 0◦ and from 60◦N to 80◦N and the southern box

from 60◦W to 0◦ and from 30◦N to 50◦N. Figure 4.15b shows the three NAO

indices relative to the mean of the control integration. Figures 4.15a and

4.15b show clearly that a positive NAO index is connected with a stronger

South Asian Jet and vice versa. The response of the jet appears to be some-

what stronger in the cold Indian Ocean experiment.

The observed warming trend in the Indian Ocean (Figure 4.2) should also be

associated with a trend in the observed South Asian Jet. Figure 4.16 shows

the timeseries of the observed South Asian Jet – DJF zonal wind in 300hPa

averaged from 40◦E to 80◦E and from 30◦N to 45◦N –, based on the NCEP

reanalysis data. There is a clear trend towards a stronger South Asian Jet,

which confirms our findings. Figure 4.17 shows the observed (NCEP reanal-

ysis data) winter 300hPa meridional wind anomaly between the mean of the

years ((1982-1993) minus (1949-1960)). The wave-like anomaly pattern is

similar to the circumglobal pattern. Together figures 4.17 and 4.16 indicate

that the recent NAO trend is also in reality associated with the circumglobal

pattern.

Figure 4.12 shows the strongest correlation between NAO and winter

zonal 300hPa wind in the South Asian Jet region between approximately 55◦E

to 65◦E. Since the change of the South Asian Jet is likely due to changes in the

horizontal meridional temperature gradient it is likely that the west Indian

Ocean may be the principal contributor for the change in the western South

Asian Jet and therefore in the NAO. This is tested by two simple AGCM

experiments. In the first experiment the whole Indian Ocean climatological

SSTs are reduced by one Kelvin. In the second sensitivity experiment with

the AGCM, the SST anomalies are restricted to the western tropical Indian

Ocean (Figure 4.6b). Figure 4.18 shows the sea level pressure response for

the two individual experiments. Both experiments produce a NAO-like sea

level pressure response. A weakening of both the Icelandic low and the

Azorian high is simulated. A two-tailed t-test indicates that the results are

significant at the 95%-confidence-level in both experiments, at least in the

centers of action. Apparently, west Indian Ocean SST anomalies are sufficient

to force the NAO. Figure 4.19 shows the mean DJF 300hPa meridional wind

response for the ”western Indian Ocean minus 1K” experiment (sensitivity
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Figure 4.16: Observed winter (DJF) zonal wind anomaly index (see text for

details) in the South Asian Jet region, based on the NCEP reanalysis data.

The dotted-dashed curve denotes the seasonal means, the thick solid black

curve the 11-yr running mean.
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Figure 4.17: Observed meridional 300hPa winter (DJF) wind anomaly be-

tween the mean of the years ((1982-1993) minus (1949-1960)), based on the

NCEP reanalysis data; [m/s].

experiment minus control integration). It reveals a wavy response in the

Northern Hemisphere closely resembling the circumglobal pattern. A clear

reduction in the western South Asian Jet is simulated (not shown). These

atmospheric experiments confirm that Indian Ocean SST anomalies force

changes in the South Asian Jet. The South Asian Jet produces a variability

pattern that comprises the whole Northern Hemisphere. This circumglobal

pattern then can lead to changes in the NAO.

4.4 Conclusions

By analyzing model simulations we found that the South Asian Jet can act as

a waveguide with circumglobal teleconnection in the Northern Hemisphere.

The meridional wind pattern – associated with this circumglobal teleconnec-

tion – is connected with the North Atlantic Oscillation. A warming/cooling

in the Indian Ocean, especially in the western Indian Ocean, produces anoma-

lies in the South Asian Jet. The waveguiding effect of the South Asian Jet

carries the perturbation into the North Atlantic sector and leads to a NAO-

like response.

The observed recent positive trend in the NAO has likely contributions from

the observed warming in the Indian Ocean. Our analysis – confirmed by the

observed trend in the western South Asian Jet and the anomaly pattern of
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a)

b)

Figure 4.18: Mean DJF sea level pressure anomaly (relative to control in-

tegration): a) for the SST-sensitivity experiment ”Indian Ocean minus 1K”;

b) for the SST-sensitivity experiment ”western Indian Ocean minus 1K ex-

periment”; [hPa].
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Figure 4.19: Meridional 300hPa winter (DJF) wind response for the ”west-

ern Indian Ocean minus 1K” experiment; [m/s].

the 300hPa winter meridional wind – indicates that the change of the NAO

may be via the circumglobal pattern.
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Chapter 5

Summary

5.1 Conclusions

This study explored the role of the tropical oceans in driving the recent

trends of the NAO and the Sahelian rainfall. A focus was placed on the

role of tropical Indian Ocean sea surface temperatures which have strongly

increased in the past 50 years (e. g. , Kumar et al. 2004).

The basis for this attribution research is ensemble climate simulations with

an atmospheric general circulation model (AGCM) and a coupled ocean-

atmosphere general circulation model (OAGCM). These experiments provide

evidence that the recent trends of the NAO and of West Sahelian rainfall have

been strongly determined by the 20th Century trajectory of tropical SSTs,

with the Indian Ocean warming trend being especially relevant.

The aim of this Ph.D. thesis was to obtain a better understanding of the the

impact of sea surface temperature (SST) anomalies on the rainfall variabil-

ity over northern West Africa on interannual to decadal timescales and on

the North Atlantic Oscillation (NAO) on decadal timescales. Rainfall vari-

ability is a crucial factor in food production, water resource planning and

ecosystems, especially in regions with scarce freshwater resources (Paeth and

Hense 2004). The NAO can affect food production, energy consumption (Fig-

ure 5.1), and other economic factors (see Introduction). Understanding the

processes which are relevant for sub-Saharan West African rainfall and the

North Atlantic Oscillation variability are not only of academic, but also of

95
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Figure 5.1: Figure shows the anti-correlation between the NAO index and

the oil consumption in Norway. A strong NAO index is associated with

relatively warm winters in Norway and vice versa. Figure downloaded at

http://ugamp.nerc.ac.uk/predicate/.
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direct interest for societies in the context of climate prediction. An overview

of the results – based basically on simulations with the atmospheric general

circulation model ECHAM4.5 – run in stand-alone mode – and the global

ocean-atmosphere-sea ice model MPI-OM/ECHAM5 – is presented. In addi-

tion to the conclusions given at the end of Chapters 2 to 4, the results are in

the following summarized in order to answer the scientific objectives raised

in the introduction:

• Is the drying trend over the West Sahel in particular driven by changes

in only one ocean basin? Is it possible to restrict the region of SST

anomalies to the Tropical Atlantic, Pacific or Indian Oceans? What

kind of SST pattern in the individual ocean basins is the most impor-

tant one? What is/are the basic physical atmospheric process(es) which

lead(s) to the rainfall change over the West Sahel?

By conducting a set of numerical experiments with an atmospheric gen-

eral circulation model I found that the Indian Ocean warming in the

last decades is of paramount importance in driving the recent observed

drying trend over the West Sahel. When sea surface temperatures

were changed in one ocean basin at a time, it was the Tropical Indian

Ocean that dominated. The warming of the Indian Ocean produced

mid-tropospheric large-scale subsidence over sub-Saharan West Africa.

The anomalous descending motion suppressed convective activity.

• Which ocean basin is the most important for the trend of the NAO?

What is the mechanism responsible for the change of the NAO, since

a clear mechanism of how the tropical SSTs impact the NAO was not

given by Hoerling et al. (2001)?

Additionally, it is found that the warming of the tropical Indian Ocean
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has also likely contributed to the strengthening of the North Atlantic

Oscillation observed during the recent decades. The response pat-

terns of the experiments in which the tropical Indian Ocean SST is

warmed/cooled project strongly upon the positive/negative polarity of

the NAO index.

By analyzing the model simulations we found that the South Asian Jet

can act as a waveguide with circumglobal teleconnection in the North-

ern Hemisphere. The meridional wind pattern – associated with this

circumglobal teleconnection – is linked to the North Atlantic Oscilla-

tion. A warming/cooling in the Indian Ocean, especially in the western

Indian Ocean, produces anomalies in the South Asian Jet. The waveg-

uiding effect of the South Asian Jet carries the perturbation into the

North Atlantic sector and leads to a NAO-like response.

Our analysis – confirmed by the observed trend in the western South

Asian Jet and the anomaly pattern of the 300hPa winter meridional

wind – indicates that the change of the NAO may be via the circum-

global pattern.

• Sub-Saharan summer rainfall anomalies are mainly characterized by

two distinctive patterns: A ”dipole” and a ”monopole” rainfall anomaly

pattern between Sahel and Guinea Coast rainfall anomalies (see Intro-

duction). The identification of key ocean areas for driving these two

basic rainfall anomaly patterns over sub-Saharan West Africa in sum-

mer is another major aim of this thesis. This could improve the ability

to predict sub-Saharan West African rainfall variability on interannual

time-scales that is so vital for the society.

We have identified the Indian and eastern tropical Atlantic Oceans as

two key ocean areas for driving the two basic rainfall anomaly pat-

terns over sub-Saharan West Africa in summer. By changing the SSTs

in these two ocean areas simultaneously in atmosphere model experi-

ments we are able to simulate the two observed basic patterns of the

boreal summer rainfall variability over sub-Saharan West Africa. The

dominant SST forcing along Guinea Coast are the SST anomalies of
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the eastern tropical Atlantic and the associated anomalous water vapor

content of the lower troposphere. The impact of these SST anomalies

in the eastern tropical Atlantic on the boreal summer rainfall over sub-

Saharan West Africa is confined to approximately 10◦N. The rainfall

north of this latitude (e. g. , over the West Sahel) is linked via changes in

the large-scale atmospheric circulation to changes of the Indian Ocean

SST. These findings are confirmed by our correlation analysis between

the observed July to September rainfall indices of our two regions and

the observed July to September sea surface temperatures. The out-

of-phase rainfall anomaly pattern is associated with SST anomalies of

the same sign in the eastern tropical Atlantic and the Indian Ocean.

Opposite SST changes in these two ocean areas lead to a monopolar

rainfall change over the whole west sub-Saharan region.

Intensity and position changes of the intertropical convergence zone

(ITCZ) are referred to as the main causes for rainfall changes over

West Africa in the literature. Our analysis shows that rainfall intensity

changes – originating in different ocean basins – can ”mimic” a shift

of the ITCZ in summer. Hence, position changes of the ITCZ over

sub-Saharan West Africa can partly be deduced from intensity changes

caused by SST anomalies in different oceans.

Our simulations indicate that a rainfall enhancement/reduction over

the West Sahel is not necessarily linked to a supply of exceptionally

wet/dry air to West Africa from the tropical Atlantic.

Since tropical SSTs appear to be predictable at least one season ahead,

our results imply a great deal of predictability in sub-Saharan West

African rainfall.

5.2 Discussion

I have identified the warming of the Indian Ocean as the primary cause for

the drying trend in the West Sahel and as a principal contributor to the

recent strengthening of the North Atlantic Oscillation.

An important question is whether the observed warming of the Indian Ocean

may have been a consequence of anthropogenic climate change associated
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with increased concentrations of anthropogenic greenhouse gases and aerosols.

If it were to be demonstrated that anthropogenic climate change was the

principal cause of the Indian Ocean warming – and therefore the cause of

the drought in the Sahel – the responsibility for the drought would be trans-

ferred to the industrialized nations responsible for the majority of historical

greenhouse gas emissions and aerosols, raising questions of attribution and

liability (see Hulme 2001).

The performed experiments all used constant values of greenhouse gases and

aerosols. Their capacity to qualitatively explain the NAO trend and the

west sub-Saharan recent drying trend indicates that the direct atmospheric

effect of those anthropogenic greenhouse gases and aerosols is not a neces-

sary condition. However, the history of prescribed SSTs is likely to bear

a footprint of the climate response to changes in the atmospheric chemical

composition. Thus, the existence of an impact of anthropogenic greenhouse

gases/aerosols on the mean state and variability of the oceans cannot be

discounted. That the recent Indian Ocean warming contains a signature of

anomalous greenhouse gas/aerosol forcing is suggested through analyses of

historical integrations with coupled ocean-atmosphere climate models (Ho-

erling et al. 2004).

It has to be tested further whether the Indian Ocean warming is due to an-

thropogenic climate change and when the warming might end.

We have identified the Indian and eastern tropical Atlantic oceans as two

key ocean areas for driving the two basic rainfall anomaly patterns over

sub-Saharan West Africa in summer. These findings could improve the abil-

ity to predict sub-Saharan West African rainfall variability on interannual

time-scales that is so important for society. This shows the need to moni-

tor sea surface temperatures for climate prediction. In the Introduction it

was also emphasized that not only sea surface temperatures modulate sub-

Saharan West African rainfall, but also natural vegetation processes (Zeng

et al. 1999), and land use changes whose impacts in the Sahelian region are

likely to increase rapidly in the coming years (Taylor et al. 2002). These pro-

cesses have likely acted synergistically to produce the unusual recent drought

in the Sahel (Zeng 2003).

The land-ocean-atmosphere processes that influence the West African Mon-
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soon (WAM) variability will be addressed in the international upcoming

African Monsoon Multidisciplinary Analysis (AMMA) project. The AMMA

project has three overarching aims:

• To improve our understanding of the WAM and its influence on the

physical, chemical and biological environment regionally and globally.

• To provide the underpinning science that relates climate variability to

issues of health, water resources and food security for West African

nations and defining relevant monitoring strategies.

• To ensure that the multidisciplinary research is effectively integrated

with prediction and decision making activity

5.3 Additional Results

In the following some preliminary results are very briefly presented. They will

be subject of two forthcoming papers. The results are based on the coupled

model experiments – for model and experiment description see Chapter 4.

5.3.1 Is there a relation between the secular rainfall

variability over West Africa north and south of

the Sahara desert?

The rainfall in both Morocco and the sub-Saharan West Sahel region is char-

acterized by a decline since about the 1970s, with the sub-Saharan reduction

being a continuation of a trend that started in the 1950s (Figure 5.2; Lamb

and Peppler 1991). The source of the pronounced decadal variability in these

regions is one of the most pressing questions in climate dynamics today (Ward

et al. 1999).

Both Morocco and sub-Saharan West Sahel experience very pronounced and

well defined rainy seasons that are strongly out of phase with each other.

The rainy season in the West Sahel is in the July to September (JAS) period
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Figure 5.2: Observed rainfall anomaly over the West Sahel (black curves;

area-average from 10◦W to 10◦E and from 12◦N to 20◦N) and Morocco (grey

curves; area-average from 10◦W to 3◦W and from 31◦N to 36◦N) during

the rainy seasons (July to September for the West Sahel and December to

February for Morocco), based on the Climate Research Unit (CRU) dataset

[mm/month]. The dot-dashed curves denote the seasonal means, the solid

curves the 11-yr running mean.
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a)

b)

Figure 5.3: Annual cycle of the precipitation averaged over a) the Moroccan

region (area-average from 10◦W to 3◦W and from 31◦N to 36◦N) and b) the

West Sahel (area-average from 10◦W to 10◦E and from 12◦N to 20◦N); solid

line: observation (GPCC); dot dashed line: simulated rainfall of the CTRL

integration; units: mm/month.

(solid curve in the lower Figure 5.3). The rainy season in Morocco is ap-

proximately from November to March (solid curve in the upper Figure 5.3;

Lamb and Peppler 1991). These contrasting annual rainfall marches are the

products of very different components of the global atmospheric circulation

pattern. On the northern side of the Sahara desert, the intensity of the

summer subtropical high pressure system precludes almost any precipitation

during JAS (Ward et al. 1999). At this time, to the south of the Sahara,

the intertropical convergence zone (ITCZ) has reached its most northerly

position. Sub-Saharan rainfall is produced by westward propagating lines

of thunderstorms ”West African disturbances lines” with north-south orien-

tation. These systems are displaced to the south of the sub-Saharan zone
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during the other season of the year.

Most Moroccan rainfall is associated with the extratropical cyclonic storm

systems that move eastward off the North Atlantic and onto Western Europe

and the Mediterranean during the northern Hemisphere winter half-year.

The tracks of those systems are too far north during the rest of the year to

affect Morocco – which is the result of the extension of the subtropical High

onto Morocco.

The Moroccan rainfall is significantly anti-correlated to the state of the NAO.

During negative NAO index values the ”storm track” has a west-east orien-

tation. This is favorable for cyclonic and frontal systems to affect north-west

Africa. During positive NAO winter months the ”storm track” is more north

steering weather systems away from Morocco.

I have shown that the Indian Ocean warming/cooling produces a rainfall

reduction/enhancement over the West Sahel and a stronger/weaker NAO.

Figure 5.4a shows the mean winter (DJF) precipitation anomaly over north-

west Africa (relative to the control integration) for the ”warm Indian Ocean”

and figure 5.4b for the ”cold Indian Ocean” experiment. Additionally, figures

5.5a and 5.5b show the mean July to September Sahelian rainfall anomalies

for the same experiments. These experiments show that the Indian Ocean

forces West African rainfall both north and south of the Sahara desert. The

experiments indicate that the observed warming in the Indian Ocean may

have contributed to the secular West African rainfall decline both north and

south of the Sahara desert. The observed Indian Ocean warming may be a

common cause for the rainfall decline over West Africa north and south of

the Sahara desert.

5.3.2 Indian Ocean impact on the thermohaline circu-

lation (THC)

I have shown that the Indian Ocean warming is a principal contributor to the

recent trend of the NAO. The trend in the NAO is associated with convection

intensity changes in the Labrador and the Greenland-Iceland Seas (Dickson

et al., 1996) which influence the strength and character of the Atlantic merid-

ional overturning circulation. Hence, I would like to test whether the tropical
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a)

b)

Figure 5.4: Mean DJF precipitation anomaly (relative to control integra-

tion): a) for the SST-sensitivity experiment ”warm Indian Ocean”; b) for

the SST-sensitivity experiment ”cold Indian Ocean”; shading indicates sig-

nificant changes at the 95% confidence level according to a two-tailed t-test;

[mm/day].
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a)

b)

Figure 5.5: Mean JAS precipitation anomaly (relative to control integra-

tion): a) for the SST-sensitivity experiment ”warm Indian Ocean”; b) for

the SST-sensitivity experiment ”cold Indian Ocean”; shading indicates sig-

nificant changes at the 95% confidence level according to a two-tailed t-test;

[mm/day].
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Indian Ocean may force the Atlantic thermohaline circulation (THC).

The Atlantic thermohaline circulation (THC) is an important component of

the global climate system (Broecker 1991). In the North Atlantic the Gulf

Stream transports enormous amounts of heat poleward (≈ 1.2PW ) as part of

the THC, thereby warming western Europe. The THC is forced by convection

at high latitudes, which causes dense surface waters to sink to deeper ocean

layers, forming the so-called North Atlantic Deep water (NADW). Strong and

rapid changes in the intensity of the NADW formation have been reported

from paleoclimatic records (Broecker et al. 1985), and it is well established

that such changes exert a strong impact on the climate over large land areas

(e.g. , Manabe and Stouffer 1995, 1999; Schiller et al. 1997). Several papers

have suggested that the THC may weaken in response to greenhouse warming

(e.g. , Mikolajewicz et al. 1990: Manabe et al. 1991; Stocker and Wright 1991;

Cubasch et al. 1992; Manabe and Stouffer 1994; Rahmstorf 1995, 1997, 1999;

Wood et al. 1999). Most greenhouse-gas simulations show a weakening of

the North Atlantic thermohaline circulation (THC) in response to enhanced

surface warming and freshening in the subpolar regions. Here results are

presented from a state-of-the-art global coupled climate model that the ob-

served warming of the Indian Ocean may provide stabilizing feedbacks.

Delworth et al. (2000) analyzed the impact of the recent trend in the Ar-

tic/North Atlantic Oscillation for the North Atlantic thermohaline circu-

lation. Using ensembles of numerical experiments with a coupled ocean-

atmosphere model, Delworth et al. (2000) show that a weakening of the THC

due to greenhouse gases could be delayed by several decades in response to a

sustained upward trend in the Arctic/North Atlantic oscillation during win-

ter, such as has been observed over the last 30 years. I have shown that the

observed warming of the Indian Ocean played/plays a crucial role for the

recent trend of the NAO. So it is possible that the Indian Ocean warming

has also important implications on the Atlantic thermohaline circulation via

its impact on the NAO.

The control run simulates a meridional overturning circulation of about 15 Sv

(1 Sv=106m3s−1) at 30◦N (black curve in Figure 5.6). In the SST sensitivity

experiments the THC changes. A warm Indian Ocean leads to an increase in

the meridional overturning of about 3 Sv (red curve in Figure 5.6). A cold
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Figure 5.6: Atlantic meridional overturning at 30◦N (11-year running

mean): for the control integration (black curve); for the SST-sensitivity ex-

periment ”warm Indian Ocean” (red curve); for the SST-sensitivity experi-

ment ”cold Indian Ocean” (blue curve); units [m3/s].

Indian Ocean produces a reduction in the meridional overturning circulation

of about 3 Sv (blue curve in Figure 5.6). The physics responsible for the

change of the THC in our model is mainly related to tropical air-sea inter-

actions and not to changes in the NAO. It is found that the rather strong

observed warming in the Tropical Indian Ocean influences the fresh water

budget of the Tropical Atlantic, and this affects the THC.

Large-scale air sea interactions in the Tropics lead to anomalous high salin-

ities in the Tropical Atlantic involving anomalous fresh water fluxes in this

region. These are advected into the sinking region, thereby increasing the

surface density. The time lag between the changes in tropical SSTs and the

THC is of the order of several decades (see Figure 5.6). The mechanism is

similar to that described in Latif et al. (2000).
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