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Abstract

The African Sahel is one of the most vulnerable regions to climate variabil-
ity at different time scales. It is an arid to semi-arid region with limited wa-
ter resources. The summer rainfall is one of these sources, but it exhibits
pronounced interannual variability. This thesis presents several aspects of
Sahelian-Sudan rainfall. Sudan is located at the eastern fringe of the Sahel
and its least studied part. We have examined the impact of tropical defor-
estation on the rainfall, the moisture sources of the region and the temporal
characteristics of the observed and modeled rainfall. In a sensitivity study we
performed three simulations, one control simulation and then setting the sur-
face condition of South Sudan to either grass or desert conditions. The rainfall
was reduced by 0.1 − 0.9 in the grass scenario and by 0.1 − 2.1 mm day−1

(hereafter mm d−1) in the desert scenario. These changes also propagated
northward into Sahelian-Sudan, indicating a remote impact. The total mois-
ture convergence into Sahelian-Sudan was reduced by 11.5% and 21.9% for
grass and desert conditions, respectively. The change in moisture convergence
into the region motivated a comprehensive analysis of the moisture sources for
the region. Two different modeling approaches, Lagrangian and Eulerian, were
applied to identify the moisture sources and quantify their contributions to the
total annual rainfall budget. The analysis shows that atmospheric flows asso-
ciated with the Inter-Tropical Convergence Zone (ITCZ), e.g. from Guinea
Coast, Central African and Western Sahel, brings about 40% − 50% of the an-
nual moisture supply, while local evaporation adds about 20%. The rest of the
moisture comes from the Mediterranean, Arabian Peninsula and the Southern
part of the Indian Ocean. While there were differences in the details between
the results from the two modeling approaches, they agree on the larger scale
results. In an attempt to characterize the temporal character of the rainfall, ob-
served and modeled daily rainfall from different regional climate models was
classified into five categories: weak (0.1 −1.0), moderate (>1.0 − 10.0), mod-
erately strong (>10.0 − 20.0), strong (>20.0 − 30.0), and very strong (>30.0)
mm d−1. We found that most rain-days were in the weak to moderate rainfall
categories, accounting for 60% − 75%. Days that have strong rainfall repre-
sent about 6% of the total rain-days, yet they represent about 28% − 48% of
the total amount of the annual rainfall. Regional climate models fail to produce
the strong rainfall, instead most of the modeled rain-days are in the moderate



category and consequently the models overestimated the number of rain-days
per year.

Key words: Sudan, Sahel, rainfall, land use, deforestation, moisture sources,
moisture transport, Lagrangian, moisture tagging, regional model, climate mod-
eling.



Sammanfattning

Sahel-området i Afrika är en mycket sårbar region då det gäller klimatförän-
dringar på olika tidsskalor. Området karakteriseras av arida eller semi-arida
förhållanden, med begränsade vattenresurser. Sommarnederbörden är en vik-
tig resurs, men den varierar mycket från år till år. I denna avhandling stud-
erar vi flera aspekter av nederbörden i den Sudanesiska delen av Sahel. Su-
dan ligger i Sahels östra del och är dess minst studerade del. Vi har under-
sökt påverkan på nederbörden fröm avskogningen i tropikerna, atmosfärens
fuktighetskällor i regionen, samt tidskarakteristiken för observerad och mod-
ellerad nederbörd. I en känslighetsstudie genomfördes tre beräkningar med
en regional klimatmodell, dels en kontrollsimulering och dels två simuleringar
där marken över södra Sudan manipulerades i modellen till antingen gräsmark
eller till öken. I grässcenariot reducerades då nederbörden med 0.1 − 0.9 mm
dag−1 (hädanefter mm d−1); ökenscenariot ledde till en minskning med 0.1
− 2.1 mm d−1. Dessa förändringar skedde också utanför det manipulerade
området, norrut och in i Sahel, vilket tyder på fjärrpåverkan. Även den to-
tala konvergensen av vattenånga in i området förändrades vilket motiverade en
genomgripande analys av källorna av vattenånga i regionen. Två olika mod-
elleringsmetoder, Lagransk och Eulerisk, användes för att identifiera källor av
vattenånga i regionen och för att kvantifiera dessas bidrag till den totala årliga
nederbörden i Sudan. Analysen visar att strömningsmösnter i atmosfären som
är kopplade till den intertropiska konvergenszonen (ITCZ), med transport av
vattenånga från t.ex. Guineas kust, Centralafrika och västra Sahel, bidrar till
ungefär 40 − 50 % till den årliga nederbörden, medan lokal avdunstning inom
Sudan tillför omkring 20%. Den resterande vattenångan kommer från Medel-
havet, Arabiska halvön och den södra delen av Indiska oceanen. Även om det
finns mindre skillnader i resultaten mellan de två modelleringsmetoderna så
överensstämmer de när det gäller de storskaliga resultaten.

I ett försök att karakterisera nederbördens temporala karakteristik, klassi-
ficerades observerad och modellerad daglig nederbörd i fem kategorier: svag
(0.1 − 1.0), måttlig (>1.0 − 10.0), måttligt stark (>10.0 − 20.0), stark (>20.0
− 30.0), och väldigt stark (>30.0) mm d−1. Vi fann att de flesta regndagarna
föll inom intervallen “svag“ till “måttlig“, och att dessa utgjorde 60 − 75%
av alla dagar med regn. Dagar med “stark“ nederbörd uppgick till 6% av det
totala antalet regndagar, men dessa bidrog ändå till 28 − 48% av den totala



årsnederbörden. Dagens regionala klimatmodeller klarar inte av att återskapa
nederbörd i kategorin “stark“; istället faller de flesta regndagarna i modellerna
inom kategorin “måttlig“ medan modellerna överskattar antalet regndagar per
år, vilket kompenserar för en underskattning av total nederbördsmängd.

Nyckelord: Sudan, Sahel, nederbörd, markanvändning, avskogning, fuk-
tkällor, fukttransport, Lagransk, regional modell, klimatmodellering.
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1. Introduction

1.1 The Sahel

The word Sahel is of Arabic origin, meaning the belt that separates land and
sea/ocean (the coast). It has been borrowed to name the transitional zone that
lies between the dry Sahara desert to the north and the wet tropical Africa
to the south. While the climate system in general always undergoes internal
variability, the variability in the Sahel has been considered to be its dominant
state (Hulme 1987; Hulme 2001). This is due to the fact that the Sahel is a
transitional belt that continuously oscillates between the wetness of the tropics
and the dryness of the Sahara desert.

The region extends from the Atlantic in the west to the Ethiopian highland
in the east. In the literature, the meridional and zonal extends of the Sahel
vary from one study to another, depending on the data availability, purpose
and hypothesis of the study (Dai et al. 2004; Nicholson 2009). The monsoon
dynamics might also differ between the western and eastern part of the Sa-
hel due to variation in topography, surface condition and the proximity to the
nearby ocean basins. Most scientific attention on the Sahelian climate has been
focused on its western part, 15◦W−20◦E, while less attention has been paid to
the eastern fringes of the Sahel, 20◦E − 36◦E, which we will refer to as the
Sahelian-Sudan. This thesis seeks to fill some of the gaps in the understanding
of the rainfall in the Sahelian-Sudan and its moisture sources.

The Sahelian drought during the 70s and 80s of the last century is consid-
ered to be one of the most notable forms of regional climate change (Nicholson
and Grist 2003; Lebel and Ali 2009). It caused the death of millions of humans
and livestock, and millions of refugees, consequently divesting the economies
of the sub-Saharan countries. The timing of the drought was also significant,
because most of the impacted nations were just emerging as liberated from the
colonial era. Due to the social and economical impacts, the climate of the Sa-
hel, and the rainfall variability in particular, has received large attention from
the scientific community. A large body of literature, from modeling and obser-
vational studies, has been produced in the pursuit of an understanding of the
causes for such a dramatic change in climate condition.

Since the early stage of the Sahelian drought, the impact of land use has
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been highlighted as a potential cause of the drought (Charney, 1975). This was
based on the fact that due to population growth and overgrazing, the surface
condition across parts of the Sahel was changed from vegetated and forested
land to more bare soil condition. Such a change is expected to modulate the
surface energy balance, induce subsidence and consequently reduce the rain-
fall. Other studies highlighted the tropical deforestation as a potential cause
for rainfall reduction in the Sahel (Elsayem, 1986), based on the fact that evap-
otranspiration potential of rainforest is a major source of moisture for precipi-
tation.

In this thesis we used regional climate model (RCM) to examine the im-
pact of tropical deforestation on Sahelian-Sudan rainfall. The main assump-
tion in this work was the idea that the tropical part of Africa is one of the main
moisture sources for the Sahelian rainfall. This in turn led to two studies seek-
ing comprehensive understanding of the potential moisture sources and their
relative contribution to precipitation in the Sahelian-Sudan using two funda-
mentally different methods. First we used a Lagrangian model and reanalysis
data to backtrack atmospheric motion to the moisture sources and then we
used “water-tagging“ in a general circulation model (GCM), to follow mois-
ture from the sources to the Sahelian-Sudan. Most studies on Sahelian-Sudan
rainfall have focused on monthly and annual averaged rainfall, however other
aspects of the rainfall may be more important, such as the number of rain-days,
extreme events and these contribute to the total averaged amounts of rainfall.
Hence we also approached this problem using both regional climate modeling
and observations from local weather stations.

In this introductory part of the thesis we give an overview of the study
area, its rainfall distribution and provide a glance of the interannual variability.
Information about the models and data used in the thesis is given in section
2. The dynamics of the monsoon and the main features of the atmospheric
circulation are presented in Section 3, while Section 4 discuss the mechanisms
that have been suggested as controlling factors for the interannual variability.
Section 5 discusses the rainfall characteristics from observation and models
and, a summary and outlook are given in Section 6 at the end.

1.2 The study area

In general, Sahelian-Sudan has a flat topography with elevation of only about
400 − 500 meters a.m.s.l, except in its western part where the Darfur high-
lands (Jebel Marrah) rises to about 1000 meter a.m.s.l. The eastern part lies
in the shadow of the Ethiopian highland, with elevations of up to 2200 me-
ter (Fig.1a). The river Nile crosses the region from the south to north, and
represents a main source of water for human, animal and agricultural use. In
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addition to the Nile and the groundwater, the summer rainfall is a major source
of water, especially in areas well away from the Nile basin. Within the region,

Figure 1: (a) is the height of the surface (in km) above mean sea level (b) is the
daily mean precipitation (mm) during July through September 1979 − 2012 from
Climate Research Unite (CRU) dataset. The topography data is originally from
the United State Geological Survey.

the annual rainfall is characterized by temporal and spatial variation. It ex-
hibits notable south-to-north gradient of about 5 − 6 to 1 mm d−1 (Fig. 1b)
from 11◦N in the south to desert conditions across the northernmost 440 − 500
km. The length of the rainy season also varies, covering May to October in the
southern part of the region and June to September in the northern part. The
period July to September can be considered the main rainy season across the
whole region. Moreover, the rainfall is characterized by pronounced interan-
nual to multidecadal variability (Eltahir 1992; Hulme 2001). Figure 2 shows
the standardized anomalies of Sahelian-Sudan rainfall for the period 1950 −
2012, defined as the deviation of each year’s rainfall from the annual mean
rainfall of the whole period normalized by the standard deviation. It reflects
the variable nature of Sahelian-Sudan rainfall from annual to decadal scale.
The period 1950 − 1969 is mostly wet, followed by the severe drought of the
1970s and 1980s and recent partial recovery from 1995 and onward. The de-
pendency of the local communities on the rainfall and the fact that it is highly
variable interannually make it the most important climate parameter for the re-
gion. According to the latest census, the Sahelian part of Sudan is the country’s
economical center and the home for about 85% of the population (CBS, 2009).
All the industrial, most of the irrigated and rain-fed agriculture, and pastoral
activities are located there. Agriculture is the backbone of Sudan’s economy,
making up about 80% of its non-oil export (UNEP, 2007). Considering that
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Figure 2: The standardized JAS rainfall anomalies for area average over
Sahelian-Sudan from CRU precipitation 1950 − 2012. The line is the 5-years
running mean of the rainfall anomalies.

most of the oil fields now are part of the newly emerged country of South Su-
dan, the share of Sudan agriculture to the total income should have increased.
Elagib (2014) showed a significant correlation between climate condition and
the state of agricultural production in Sudan. Beside the agriculture, there are
large pastoral communities that dependent solely on the rainfall for drinking
water and vegetation growth (UNEP, 2013). Hence fluctuations in annual rain-
fall are of great socio-economical importance.
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2. Methodology and data

In this thesis we have used observational and reanalysis data from various
sources. We also have used climate models to conduct sensitivity studies or to
simulate the climate of the recent past. A climate model is computer program
that solves the set of mathematical equations describing the behavior of the
climate system. The mathematical equations are derived from basic principles
of physical laws that govern nature. The formulation of model varies in many
ways, nevertheless we can divide them into two main categories, Eulerian or
Lagrangian, depending on the way the motion is described. The Eulerian ap-
proach divides space into fixed grid points and the physical characteristics (e.g.
temperature, density, velocity) of the fluid (e.g. Atmosphere or the Ocean) are
calculated in these grid points through time. Instead, the Lagrangian approach
divides the fluid into infinitesimally small particles and calculates their phys-
ical characteristics as they move in space. Models can also be classified ac-
cording to their domain, as regional or global models; the latter are often also
referred to as general circulation models, or GCMs. Climate models are our
primary tools to experiment and examine hypotheses about the Earth climate
system. Owing to the advance of computing power, the use of climate models
in understanding of the global and local climate has increased tremendously.
Climate Models are widely used for many purposes and therefore, there is a
need to evaluate their performance in simulating the regional climate. In this
section we provides description for the data and climate models that have been
used in this thesis work.

2.1 Observations and reanalysis

To evaluate the models performance we have used two gridded rainfall obser-
vations: an updated version of the Climate Research Unit (CRU TS3.10; Harris
et al. 2014) data and the Global Precipitation Climatology Project (GPCP 2.2;
Adler et al. 2003) data. The rainfall datasets CRU and GPCP have spatial
resolution of 0.5◦ × 0.5◦ and 2.5◦ × 2.5◦, respectively. The rainfall observa-
tions that used in paper IV are obtained from Sudan Meteorological Authority.
Additional precipitation data, as well as other information such as wind and
pressure fields to illustrate atmospheric circulation, are taken from the ERA-
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Interim reanalysis (Dee and co authors, 2011). A reanalysis is an internally
consistent set of data from an atmospheric model that is run in data assimila-
tion mode. In data assimilation, analyses are based on short forecasts contin-
uously corrected using all available routine observations. A reanalysis can be
considered an attempt to produce a dynamically consistent three-dimensional
data from the best model and the best observations, taking the uncertainty in
both into account, and can be considered an optimal representation of the at-
mosphere. ERA-Interim is also used here to drive regional model simulations
by providing information at their initial and lateral boundaries. ERA-Interim
is used at a spatial resolution of 1.5◦ ×1.5◦.

2.2 Regional models and land use change

RCMs are limited-area models that are used to provide affordable high reso-
lution over a specific region, sacrificing domain size to gain spatial resolution.
Since they cover a limited area, they need information on the lateral boundaries
of the limited domain. This can be taken from a GCM for the case of future
climate scenarios or from a reanalysis for studies of the recent past. We have
used data from ERA-Interim as lateral boundary conditions (see above). We
have used results from three different regional climate models. The RegCM3
model (Pal et al., 2007) of the International Center for Theoretical Physics was
used in paper I to study the impact of the land use changes. This model is
hydrostatic, and uses a sigma-pressure terrain flowing vertical coordinate and
includes parameterization for all physical processes that occur on a smaller
scale than the model grid. Specifically the land surface scheme used in pa-
per I is developed by Dickinson et al. (1993) and the land use data comes
from the United State Geographical Survey (Loveland et al., 2000). In paper
IV we used output from an updates version of this model (RegCM4; Giorgi
et al. 2012), and two other region climate models. The latter were the Rossby
Center regional climate model (RCA; Samuelsson et al. 2011) and Max Plank
Institute for Meteorology model (REMO; Jacob 2001). These two models are
also hydrostatic but use a semi Lagrangian advection scheme. The physics
parameterizations are different in all these models.

2.3 Lagrangian model FLEXPART

The Lagrangian model FELXPAR (Stohl et al., 2005) is developed initially to
simulate transport of harmful chemical species, for example, from an explosion
of a nuclear facility. Later on it was generalized and developed into a multi-
purpose atmospheric transport model. It has been used in a large number of
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studies (e.g., Wotawa and Trainer 2000; Saey et al., 2007; Viste and Sorteberg
2013) and has shown a good ability to reproduce the observed atmospheric
transport of various tracers. In this thesis (Paper II) FLEXPART was used to
explore moisture sources, using atmospheric data from ERA-Interim. Forced
by ERA-Interim three-dimensional winds we traced air parcels from over the
Sahelian-Sudan six days back in time to establish their sources regions.

2.4 Global model and precipitation tagging

In paper III we have used the Community Atmospheric Model version 3 (CAM3,
Collins et al. 2006). It is the sixth generation of the National Center for At-
mospheric Research (NCAR) general circulation model. The dynamical core
of the model contains three selectable options: spectral, semi-Lagrangian and
finite volume. The latter was used in the simulation for paper III. All prog-
nostic variables are calculated by the dynamics and then the physics sepa-
rately (Collins et al. 2006; Lin, 2004). It has different time steps for dynamics,
physics, vertical remapping and tracer transport. CAM3 uses the Community
Land Model (Dickinson et al., 2006) as a surface scheme. The cloud water is
represented by a prognostic parameterization that was originally developed by
(Rasch and Kristjánsson, 1998) and updated by Zhang et al. (2003). We used
prescribed SST data from Hadley Center (Rayner et al., 2003). In addition,
CAM3 includes a water isotope module and a moisture-tracing module. The
first moisture-tracing modules have been included in climate models by (Jous-
saume et al., 1986) and (Koster et al., 1986), and since then they are widely
used in identifying moisture sources. The model CAM3 has been tested and
used for various climate simulations for the recent past and in paleoclimate
studies (Pausata et al. 2011; Sturm et al. 2010)
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3. The dynamics of Sahel
monsoon

The Sahel monsoon is part of the global monsoon systems that affects most
of the subtropical regions (e.g. South Asia and Australia). It is driven by the
variation is insolation due to the apparent movement of the Sun across seasons
and is further modulated by variations between the land and ocean (Trenberth
et al. 1999) and by orography. In the African Sahel, the monsoon circulation
is manifested by a change in the prevailing wind direction from northeasterly
to southwesterly, indicating the advent of the rainy season. However, since the
mechanism that produces rainfall is complex, the dynamics of the monsoon is
a matter of vigorous debate. Local and non local factors (e.g. Indian monsoon
system) are highlighted to influence Sahelian monsoon.

The tropical atmosphere is typically and strongly ageostrophic due to the
fact that the Coriolis effect is very small. At 15◦N the typical value of Cori-
olis parameter is f = 3.8 × 10−5 and Rossby number is 0.26, and hence the
geostrophic theory can be applied only for the largest-scale motions. Weather
systems are caused by small variations in the wind and surface pressure or by
convection due to the heating of the surface. During the monsoon period, the
main features of the circulation in the surrounding region are the Inter-Tropical
Convergence Zone (ITCZ), the African easterly jet (AEJ) and the tropical east-
erly jet (TEJ). The formation and roles of these circulation patterns on the
rainfall are discussed in the rest of this chapter.

3.1 Intertropical convergence zone

Expanding zonally across the tropics, the ITCZ is defined as a belt of surface-
wind converge, cloudiness and intense convective rainfall. Generally, in its
annual migration the ITCZ follows the apparent movement of the Sun across
the seasons. In most studies the location of the ITCZ is determined from the
rainfall (e.g. Sultan and Janicot 2000; Lin 2007). However, the locations of
wind convergence and the convective, cloudy weather do not necessarily co-
incide. Using ERA-interim for the time period 1990 − 1999, Žagar et al.
(2011) found that over that the wind convergence and the rainfall maxima are
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colocated over the oceans but not over the continents. This result confirms
the findings of Nicholson (2009) where NCAR/NCEP reanalysis was used to
investigate the role of ITCZ in West Africa. It seems that more complex pro-
cesses than just the surface convergence control the location of rainfall over
land. Local meteorologists also know this fact from experience. Therefore, in
their practice they distinguish between the location of wind convergence and
rainfall occurrence. In Sudan, they use the wind direction and dew point to
identify the location of the ITCZ. If the wind direction is southerly to south-
westerly and the dew point reached 14◦C they assume that the station is within
the ITCZ zone. However, rainfall is expected about 50 km south of the that
defined ITCZ (Elsaym 1986). Figure 3 shows the surface wind m s−1 during
July through September averaged over the time period 1979 − 2013. The wind
speed varies between 2 − 4 m s−1 and the southwesterly and northeasterly
wind converge around 18◦N. However, the rainfall maximum is not found at
18◦N. (Nicholson, 2009) suggested that the term ITCZ should be used for the
wind convergence and the “rain belt“ for the rainfall maximum. In summary,
the role of the ITCZ as defined by the wind convergence is to advect moist
surface air into the Sahel. However, it is not the main mechanism responsi-
ble for the rainfall formation through the ascending motion. Nicholson (2013)
highlighted the influence of the African Easterly Jet (AEJ) and waves associ-
ated with beside other mesoscale convective systems being the main rainfall
producing mechanisms.

3.2 The easterly jets and waves

Two jets system are active over the Sahel during the monsoon period. These
are the AEJ, located at 550 − 600 hPa, and the TEJ at 200 hPa. The AEJ
forms due of the strong contrast in temperature and moisture between the trop-
ical Atlantic and the Sahara desert (Cook 1999; Fig. 3b). It occupies the whole
area of the Sahel from the west to east, with wind a maximum of 7 − 8 m s−1

near 15◦W, gradually decreasing eastward. The TEJ forms in the upper tropo-
sphere with a core located at 15◦N and spans all the longitudes between the
Indian Ocean and western part of the Sahel (Fig. 3c). It is a major component
of the Asian monsoon, which forms due to the temperature variation in the
upper troposphere between the Indian Ocean to the south and the Himalaya
to the north (Hulme and Tosdevin, 1989). The maximum wind speed reaches
about 36 m s−1 and is reduced gradually westward. Over the Sahelian-Sudan
the wind speed in the core is about 20 m s−1, however, it also exhibits sub-
stantial interannual variability in strength and location. Chen and van Loon
(1987) found that the interannual variability in the TEJ is controlled by the El
Niño−Southern Oscillation (ENSO).
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Figure 3: July through September mean wind speed (m s−1) shaded and wind di-
rections (arrows) at (a) 1000 (b) 500 and (200) hPa. Indicating the main features
of the atmospheric circulation across the region. 25



Associated with the flow of these two jet systems are the so-called easterly
waves, moving across the Sahel from the east to the far west; in some cases
they even cross the Atlantic where they sometimes act as triggers for tropical
cyclones (Carlson 1969; Frank 1969; Nicholson et al. 2007). These waves
are characterized by periods of 3 − 4 days and scales of 2500 to 3000 km
(Rowell and Milford, 1993). The disturbance from the waves is assumed to be
the main driving mechanism for convection over the Sahel. Rowell and Mil-
ford (1993) considered the easterly waves as one of the factors that produce a
form of squall lines that propagate from the east to the west causing substantial
rainfall across the Sahel. Another potentially important factor is the Ethiopian
highland, which can interrupt the flow, hence inducing these wave-like mo-
tions. For the local communities, this form of squall line is known as Elgibli
(literally it means the thing that appears in the east), which is a type of thunder-
storms that start in the east and propagate westwards across Sahelian-Sudan.
Hammer (1973) found the rainfall of Sahelian-Sudan to have a cycle of 4 − 5
days, which is comparable to the period of the easterly waves reported in sev-
eral studies (e.g. Carlson 1969; Nicholson et al. 2007). Hulme and Tosdevin
(1989) found that during the drought years, the strong rainfall events (>40 mm
d) are those that have declined the most. Such result arguably links the rain-
fall variability and wave activity as suggested in the study by Nicholson et al.
(2007).
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4. Mechanisms of rainfall
variability

Sahelian rainfall is very variable over a range of time scales. It varies sub-
seasonally, annually and multidecadally. Comparing 1921 −1950 and 1956
−1985, the rainfall of Sahelian-Sudan was reduced by 15% and the rainfall
zone moved about 75 km southwards (Hulme, 1990). This sort of variability
and dramatic changes has puzzled the scientific community and it has been
attributed to different controlling factors. The changes in land use, moisture
transport, sea surface temperature and the changes in atmospheric composi-
tion are examples of suggested mechanisms. It is now widely accepted that
the global sea surface temperature is a main controlling factor for Sahelian
rainfall variability (Folland et al. 1986; Giannini et al. 2003). In particular,
the impact of ENSO and the Atlantic multidecadal Oscillation (AMO) are em-
phasized. This chapter reviews the literature on the roles of different factors
that contribute to Sahelian rainfall variability and also presents results from the
research papers included in this thesis.

4.1 Changes in land use

The Sahelian land surface is continuously changing due to anthropogenic and
natural factors. Because of the population growth there is large expansion of
mechanized agriculture. During the time period 1961 to 1996 the area of the
mechanized agriculture in Sahelian-Sudan expanded from 4.5 to about 14.0
million hectares, mostly on the expense of forested land (Ayoub, 1999). The
cutting of trees for fuel and the pressure of overgrazing have accelerated the
changes in land use further. The latter two factors are captured in a picture by
the UNEP during a fieldwork in the year 2007 to evaluate the environmental
risks in Sudan (see Fig. 4). The drought also provided a positive feedback
in escalating the degradation of the land conditions due to the reduction in
vegetation cover and consequently soil erosion by the surface wind. The role
of vegetation cover in stabilizing the soil is shown in figure 5 from Khartoum
state, in the northern vicinity of the Sahelian-Sudan. It shows an example for
a vegetated land that is gradually transforming into desertified condition.
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Charney (1975) suggested that such changes in land use could impact the
surface albedo and consequently the system over the Sahel will come to resem-
ble the thermal balance of the desert. Berkofsky (1976) summarized Charney’s
theory on role of land use in the following way: “the high albedo of a desert
contributes to a net radiative loss relative to its surrounding, and that resul-
tant horizontal temperature gradients induce a frictionally controlled circula-
tion which imports heat aloft and maintains thermal equilibrium through sink-
ing motion and adiabatic compression“. In addition to the change in thermal
balance and circulation, the removal of forest and vegetation cover will also
perturb the moisture exchange between the surface and the overlaying atmo-
sphere through reduction of canopy intercepted water, local evaporation from
the soil and transpiration from plants. Recently Alter et al. (2015) found in a
model simulation that the rainfall within the eastern fringe of Sahelian-Sudan
has increased due to impact of irrigation in the middle of the region. Other

Figure 4: Combination of trees cutting and overgrazing coexist in Darfur,
Sahelian-Sudan. The picture is created by the UNEP in 2007 and reprinted under
the terms of fair use.

studies have suggested the tropical deforestation as a reason for the reduction
in Sahelian-Sudan rainfall (e.g. Elsayem 1986). The theory evolves around
moisture transport, assuming that the dense vegetation and forested cover in
the tropical part of Africa plays an important role in the moisture supply for
the Sahelian zone. Eltahir (1989) has found Sahelian-Sudan rainfall to have
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Figure 5: Picture from Khartoum state (around 15◦), which reflects the role of
vegetation cover in stabilizing the soil and the gradual desertification. The picture
is created by the UNEP in 2007 and reprinted under the terms of fair use.

some sort of dependency on the rainfall in South Sudan, which is a region cov-
ered by swamps and dense vegetation and forest cover, and in general heavy
rainfall.

In Paper I of this thesis we examined the impact to tropical deforestation
on Sahelian-Sudan rainfall using a regional climate model (RegCM3). We
simulated three different scenarios: a control simulation and two perturbed
scenarios changing the land conditions in the region of Sudan south of 10◦N
to either grassland and in an extreme case to desert. The results show that
in the perturbed region, the rainfall was reduced by 0.1 − 2.1 and 0.1 − 0.9
mm d−1 in the desert and grass scenarios, respectively. The surface temper-
ature increases accordingly, by 2.4◦C in the desert scenario and 1.2◦C in the
grass scenario. The reduction in precipitation also propagated northward to the
Sahelian-Sudan, reaching up 14◦N at a rate of 0.1 mm d−1 in grass scenario
and 0.1 − 0.9 mm d−1 in desert scenario. Moreover, by computing the total
moisture budget of Sahelian-Sudan we found that the moisture convergence
into Sahelian-Sudan was reduced by 11.5% and 22.9% in the grass and desert
scenarios, respectively. In some sense this study is of course a hypothetical,
because we could not find any robust observations on the scales and locations
of the deforestation in South Sudan. Nevertheless, it provides an insight about
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the linkages between tropical deforestation, land conditions and Sahelian rain-
fall. Our findings were confirmed also by other studies. Zaroug et al. (2013)
used the same model and changed the land condition only over the swampy re-
gion of South Sudan. They concluded that the removal of the swamps reduced
the rainfall of Sahelian-Sudan by 15%.

4.2 Moisture sources and moisture transport

Generally speaking the variability in the rainfall is likely to be either a result of
less moisture in the atmosphere or due to a modulation in the rain-producing
processes. In a recent study Zhang et al. (2012) found that the total moisture
of the atmospheric column has decreased, while comparing the time periods
1970 − 2005 and 1948 − 1969. Arguably, this result provides an insight that
links between the drought period and atmospheric water content. For a bet-
ter understanding the causes of such reduction, or the variability in general,
we need to know where the moisture sources are. There is some research that
identified the moisture sources of the western part of the Sahel (Nieto et al.,
2006) but not for the eastern parts. To fill this gap, we used two different
methods to analyze the moisture sources of Sahelian-Sudan, reported in Pa-
per II and III. While Paper II used an inverse approach, where the moisture
sources were identified using back trajectories from the target region, Paper III
used a forward method starting at the sources and following the air forward
in time to the target region. Both methods have their own sets of advantages,
disadvantages and uncertainties. The potential source regions that we used are
shown in figure 6, defined according to moisture availability and the dynamics
of the monsoon. The results from Paper II show that the flow associated with
the ITCZ movement (e.g. from Central African, Guinea Coast and Western
part of the Sahel) provides about 50% of the precipitable water of Sahelian-
Sudan, with most of it coming from Central Africa (about 40%). Flows from
the Arabian Peninsula and East Africa add about 25%. The Mediterranean
supplies about 8%, but its contribution could reach 19% if we add the contri-
bution of air from the Sahara, assuming that its moisture likely originates from
the Mediterranean (the back-trajectory method limits the time backward that
each air parcel can realistically be followed). This study shows that the upper
airflow associated with the TEJ, although significant in mass contribution, has
no substantial contribution on the moisture budget. The study in Paper III uses
a moisture-tagging technique, which, in contrast to the inverse method, allows
for direct estimation of the local moisture recycling, in addition to estimating
the contribution from remote sources. The result in Paper III shows that about
20% of the rainfall comes from local evaporation, which is in an agreement
with the global rate of continental recycling estimated by Trenberth (1999).
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Figure 6: Potential moisture source of Sahelian-Sudan. Defined according to
moisture availability and dynamics of the monsoon (used in papers II and III ).
The crossed box represents the targeted region (Sahelian-Sudan).

The contribution from the ITCZ flow is about 38%. The Mediterranean, Ara-
bian Peninsula, and South Indian Ocean regions accounts for 10.2%, 8.1%,
and 6.4%, respectively, and 13.2% comes from the rest of the globe, here esti-
mated as a residual. The results from the two methods differ when considering
individual regions, however they agree better when regions with similar flow
features are grouped together. The two methods also show that different sub-
regions of Sahelian-Sudan have different moisture sources, a result that has to
be considered in the practice of seasonal forecasting, instead of the approach
that considers the region as one unit.

4.3 Sea surface temperature

4.3.1 Impact of ENSO

ENSO is a semi-cyclic phenomenon that impacts the climate on an almost
global scale every 2 to 7 years, and is believed to be one of the driving mech-
anisms of the Sahelian rainfall variability. The term refers to a climate vari-
ability caused by the interaction between the ocean and the atmosphere in the
tropical Pacific. ENSO is sometimes described using changes in the atmo-
spheric surface-pressure difference between Darwin in northern Australia and
Tahiti in the central pacific. It has two phases; El Niño refers to a warming
of the ocean surface in the eastern tropical Pacific and enhanced precipitation
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in the nearby regions, while its counterpart La Niña has an enhanced sea sur-
face temperature in the western pacific in the warm pool region and enhances
precipitation in the western Pacific

The link between Sahelian-Sudan rainfall and ENSO has been widely high-
lighted in the literature. Osman and Shamseldin (2002) analyzed a 49-year
record of rainfall from 12 weather stations in central (Sahelian) and South
(Equatorial) Sudan. Their results showed that the driest years coincided with
El Niño. Their study also indicated that the ENSO signal on the Sahelian rain-
fall is stronger compared to the equatorial rainfall. A one-year lag was found
between ENSO and its impact on the rainfall. This is likely due to the fact that
ENSO peaks during the boreal winter and the Sahelian rainfall occurs during
the summer. Joly and Voldoire (2009) concluded that the ENSO signal appears
either during the build up of the El Niño or during the decay of the LaNina
phases. The same signal is also found in the annual flow of the river Nile.
Eltahir (1996) showed that 25% of the variability in the discharge of the Nile
River could be explained by ENSO. Because the Blue Nile mainly originates
from Ethiopia, Eltahir’s result indicates that the rainfall over the Ethiopian
highlands is also sensitive to ENSO. Recently Zaroug et al. (2014) used the
tropical band of the regional climate model RegCM4 (Reg-TB) to analyze the
influence of ENSO on upper Blue Nile region (the Ethiopian highlands in fig-
ure 1) and found a significant correlation between the summer rainfall and
April through June SSTs. Elagib (2014) developed a drought-risk index for
the Sahelian-Sudan and found dry years to coexist with the El Niño. How-
ever, even with all these studies there still lack of understanding on exactly
how ENSO can impact Sahelian rainfall. In Paper II and III we found that the
ENSO region is not among the prominent Sahelian-Sudan moisture sources.
Hence we concluded that the impact of ENSO, if any, is likely through an in-
fluence on the dynamics of the monsoon. Rowell (2001) suggested that the
strong convective over the Ocean during the warm phase of ENSO produces
Rossby and Kelvin waves that interact over Africa causing large scale sub-
sidence across the Sahel, hence reduce the rainfall. Other studies also have
suggested similar role for warm Ocean condition indicating that the warming
favor convection over the Ocean and subsidence or weakening of convergence
over the African continent (e.g Giannini et al. 2003; Williams and Funk 2011).
A large scale convection over the Ocean might also warm the upper tropo-
sphere over the continents due to the release of latent heat and consequently
reduces rainfall over land (Giannini, 2015).
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4.3.2 The Atlantic multidecadal oscillation

The AMO is a variation in the SSTs between the Northern and Southern parts
of the Atlantic. The role of the Atlantic SSTs on the rainfall variability of the
Sahel and the impact of the AMO on its variability has been highlighted in sev-
eral studies, especially for the western part (15◦W − 20◦E) of the Sahel, due
to its the proximity to the Atlantic. Enfield et al. (1996) and others have found
relations between western Sahel rainfall and AMO index. However, the im-
pact of AMO seems to also reach the eastern part of the Sahel (see paper III).
In Paper III we found that the western part of Sahelian-Sudan receives most
of its moisture from the Guinea Coast, Central Africa and the Western Sahel.
These are the regions that most like to be affected by the Atlantic SSTs, com-
pared with other potential source regions. Although whole Sahelian-Sudan
was affected by the drought of the 1970s and 1980s, its western part (22◦E −
30◦E) was the most severely impacted (Eltahir 1988; Olsson 1993). Arguably,
this western part of Sahelian-Sudan is more sensitive to AMO than its eastern
fringe. According to Nicholson and Webster (2007) the migration of the ITCZ
during the monsoon months is sensitive to the cross-equatorial temperature
contrast over the Atlantic. A warm north Atlantic seems to favor the advance
of the ITCZ northward and intensify monsoon circulation and vice versa for a
cold north Atlantic. There still need for more analysis for this links between
Sahelian-Sudan rainfall and AMO.

4.4 Impact of aerosol and greenhouse gases

The Earth’s climate system is a remarkably coupled one. A change in the
atmospheric composition is expected to influence the radiation balance and
the latter would influence the dynamics of the system and consequently the
climate conditions. Along this line some studies have attributed the variabil-
ity in Sahelian rainfall to the aerosol loading or CO2 forcing from the rapid
growth of industrial activities in the last century or from natural sources like
volcanic eruption. The drought itself has been suggested as a cause for increas-
ing aerosol loading in the regional atmosphere due to the dryness of the sur-
face, hence increase of dust storms rates (Middleton 1985; Prospero and Lamb
2003). Generally, an increase in aerosol is expected to reduce the rainfall by
impacting cloud properities, the so-called aerosol indirect effect. Aerosol also
can impact the radiation balance and consequently influence the atmospheric
circulation. For example, using model simulation Ackerley et al. (2011) and
Hwang et al. (2013) concluded that Sahel rainfall has been reduced due to
Sulfate loading. They attributed the result to changes in circulation, likely due
to the aerosol radiative forcing. Recently, Haywood et al. (2013) have showed
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that Sahel rainfall has reduced in some years in response to asymmetric forc-
ing from stratospheric aerosol loading from volcanic activities that located in
the northern hemisphere. On the other hand, other studies found that Sahe-
lian rainfall was increasing due to CO2 forcing (e.g. Ackerley et al. 2011). A
new result presented by Dong and Sutton (2015) attributed the recent recov-
ery in Sahelian rainfall to the impact of greenhouse gases. This will likely
be matter of debate and argumentation in the scientific community, because it
was derived from one single GCM and might be subject to sensitivities of that
particular model to the forcing of greenhouse gases and SSTs.
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5. Characteristics of the observed
and modeled rainfall

Most of the research work on Sahelian-Sudan rainfall has been focused on
monthly, annually and interannual scales (e.g. Elsayem 1986; Eltahir 1992;
Elagib and Elhag 2011). However, there are other features of the rainfall that
might be of interest for applied purposes. The number of rain-days per month
and the amount of the daily rainfall are examples. Sudan is a vast country
that is not well covered by the observational network and in recent years, the
number of weather stations has deteriorated considerably. Whilst there is need
for the climate relevant observations. The dynamical downscaling technique
could be one option to fill such a gap in observation coverage, for both tem-
poral and spatial scales, by simulating the regional climate. In this last part
of the thesis we tried to cover both: first we examined the detailed features of
the rainfall (e.g. number of rain-days, rainfall categories and their contribution
to the total precipitation). Then we evaluated the performance of a number of
RCMs in simulating these features. The observed and modeled rainfall was
classified into five groups depending on the amount of rainfall per day, these
are weak (0.1 − 1.0 mm d−1), moderate (>1.0 − 10.0 mm d−1) moderately
strong (>10.0 − 20.0 mm d−1) strong (>20.0 − 30.0 mm d−1) and very strong
(> 30.0 mm d−1). Most of the rain-days fall with the weak to moderate cate-
gories, with 60% − 75%, respectively. Although the very strong category of
rain-days occurs rarely, only about 6% of the total rain-days, it represents 28%
− 42% of the total amount rainfall. The regional climate models (RegCM4,
REMO and RCA) failed to produce this feature of the rainfall. Instead, the
models mostly generate rain in a moderate category, and consequently overes-
timate the number of total rain-days during the season. The total of number of
days in the model is also overestimated, because the models have tendency to
prolong the rainy season. The onset of the simulated rainfall is earlier than the
observed one and the end of the season is also late.
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Summary and outlook

This thesis covers several aspects of Sahelian-Sudan rainfall. We studied the
impact of tropical deforestation on the rainfall and found it to reduce the
amount of rainfall and moisture convergence into the region. This result is
quite important because there is a project (the so-called Jonglei Canal) sug-
gested for South Sudan with intention of reducing the local evaporation there
and increases the inflow to the Nile. There is a long-standing view that consid-
ers the evaporation over South Sudan swampy area (the Sudd region) as wasted
water. The results from paper I suggest otherwise. The literature review also
reveals that the increase of vegetation-and-forest cover, as well as the irriga-
tion have the potential to increase the rainfall amount within Sahelian-Sudan.
Increased of vegetation cover can also protect the soil from erosion and reduce
the risk of dust storms. The analysis of moisture from two different model-
ing approaches indicated that the ITCZ flow (e.g. from Guinea Coast, Central
African and Western Sahel) brings about 40% −50% of the total precipitable
water. The Mediterranean supplies about 15% − 20% and the local evapo-
ration is estimated to contribute about 20%. The Indian Ocean and Arabian
Peninsula are among the source regions but their contributions vary between
the two methods of modeling applied in this thesis. These two studies sug-
gested that the flow associated with the TEJ and El Niño region of the Pacific
are not among the moisture sources of the Sahelian-Sudan. Thus, any role
for the TEJ and ENSO on the Sahelian-Sudan rainfall is likely to be in the
dynamical processes that produce the rainfall rather than in the moisture sup-
ply. Different sub-regions in Sahelian-Sudan have relatively different moisture
sources. Any seasonal forecasting technique that includes indices from po-
tential moisture sources (e.g. SSTs) should consider such variations in the
sensitivity. For instance the western part of Sudan (Darfur region) is likely to
be sensitive to conditions in the Atlantic rather than in the Indian Ocean. The
analysis shows that the variability in moisture supply from the sources associ-
ated with the ITCZ-flow is highly correlated with the variability of total annual
rainfall. Furthermore, these regions of the ITCZ-flow are those mostly likely
to be affected by multidecadal variability in the North Atlantic Ocean. The
rain-days of Sahelian-Sudan are mostly of weak to moderate amounts of pre-
cipitation, representing 60% −75% of the total number of rain-days. Although
the days that have strong rainfall represent about 6% of the rain-days, these



days contribute 28% − 42% to the total amount of annual rainfall. In other
words, a large portion of Sahelian-Sudan rainfall is produced by few events of
strong rainfall. According to previous studies, the drought was manifested in
a reduction of strong rainfall events. Regional climate models fail to produce
this form of strong rainfall. They tend to produce rainfall in the moderate cat-
egory and consequently overestimate the number of rain-days throughout the
year.

For the future research on Sahelian-Sudan rainfall, there two areas that are
of great importance due to their impacts on the social and economical life of
the region. First is the seasonal forecast of the monsoon period and the long-
term projection of the monsoon variability due to the ongoing global warming.
Since most of the population depends on agriculture and pastoral activities, an
early warning about the state of the rainy season would be of great value to
the public. Currently, the meteorological authority in Sudan uses a regression
model to produce their forecast for the state of the rainy season. The model
uses global SSTs, wind in several levels, ENSO index and other elements as
independent variables to predict one dependent variable (the rainfall). The
studies of moisture sources in the present thesis revealed that a considerable
amount of Sahelian-Sudan moisture has its origin over land. Thus, we assume
including predictors from over land can enhance the skills of the seasonal fore-
cast, e.g. by adding the temperature and the soil moisture from several stations
in Central Africa to the set of the independent variables. Second, regarding
the long-term variability of the future Sahelian rainfall there is still a need for
more analysis of its relation to several potentially controlling factors. At the
early stage of the Sahel drought during the 1970s and 1980s the focus was on
the impact of land use and later the paradigm has shifted to the role of SSTs.
However, some studies found that linkages between Sahelian rainfall and SSTs
do not hold in the projected climate (Cook, 2008). Moreover, recent studies
found that the role of greenhouse gases has a stronger impact on Sahelian rain-
fall than that of the SSTs (Dong and Sutton, 2015). In summary, the state of the
future rainfall over Sahel is one of the main open questions. Both observational
and modeling efforts are needed for a better understanding and projection of
Sahelian rainfall.
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