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Abstract The summer rainfall across Sahelian-Sudan is one of the main sources of water for agriculture,
human, and animal needs. However, the rainfall is characterized by large interannual variability, which has
attracted extensive scientific efforts to understand it. This study attempts to identify the source regions
that contribute to the Sahelian-Sudan moisture budget during July through September. We have used an
atmospheric general circulation model with an embedded moisture-tracing module (Community Atmosphere
Model version 3), forced by observed (1979–2013) sea-surface temperatures. The result suggests that about
40% of the moisture comes with the moisture flow associated with the seasonal migration of the Intertropical
Convergence Zone (ITCZ) and originates from Guinea Coast, central Africa, and the Western Sahel. The
Mediterranean Sea, Arabian Peninsula, and South Indian Ocean regions account for 10.2%, 8.1%, and 6.4%,
respectively. Local evaporation and the rest of the globe supply the region with 20.3% and 13.2%, respectively.
We also compared the result from this study to a previous analysis that used the Lagrangian model FLEXPART
forced by ERA-Interim. The two approaches differ when comparing individual regions, but are in better
agreement when neighboring regions of similar atmospheric flow features are grouped together. Interannual
variability with the rainfall over the region is highly correlated with contributions from regions that are
associated with the ITCZmovement, which is in turn linked to the Atlantic Multidecadal Oscillation. Our result is
expected to provide insights for the effort on seasonal forecasting of the rainy season over Sahelian Sudan.

1. Introduction

The Sahel is a transitional belt that lies between the wet tropics of Africa to the south and the Sahara desert to
the north and is an arid to semiarid region with limited water resources [Elagib and Elhag, 2011]. The summer
rainfall is a major water resource for the region and is by far the most important climate parameter therein
[Ali et al., 2005; Eltahir, 1992]. However, the Sahelian rainfall undergoes considerable interannual to decadal
variability [Hulme, 1987; Hulme, 1990]. Since the devastating Sahelian droughts that ravaged the region
during the last three decades of the twentieth century, large efforts from the scientific community have been
devoted toward a better understanding of its interannual and interdecadal variability.

In general, the Sahelian rainfall variability has been linked to a number of climate processes on local, regional,
and global scales. For example, several studies have found the rainfall to be sensitive to African easterly
waves and to the strength and location of the African easterly jet (AEJ) [Cook, 1999; Nicholson and Webster,
2007; Skinner and Diffenbaugh, 2013]. On a global scale, the warm phase of the El Niño–Southern Oscillation
(ENSO) is found to be associated with dry years across the Sahel [Elagib and Elhag, 2011; Janicot et al.,
2001; Osman and Shamseldin, 2002]. It has been suggested that ENSO affects the dynamics of the Sahelian
monsoon rainfall by suppressing convection [Rowell, 2001]. Giannini et al. [2003] attributed the 1970 and
1980 Sahelian droughts to a warmer-than-average sea surface temperature (SST) over the tropical Indian and
Pacific Oceans. The interdecadal variability in Sahelian rainfall is also attributed to the Atlantic Multidecadal
Oscillation (AMO) [Martin et al., 2014; Zhang and Delworth, 2006]. The wet and dry periods were associated
with warm and cold phases of the AMO, respectively. Rowell [2003] showed that Sahelian rainfall is also
sensitive to fluctuations in the Mediterranean SSTs.

Other studies have focused on the moisture supply and transport into the region. Cadet and Nnoli [1987]
examinedmoisture flux transport into the western part of the Sahel and Guinea coasts using wind fields from
European Centre for Medium-Range Weather Forecasts (ECMWF) forecast and humidity data derived from a
three-layer precipitable water data set. Their analyses suggest the importance of the AEJ as a major artery of
moisture for West Africa. Druyan and Koster [1989] made an early attempt to identify the Sahelian moisture
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sources using a water-tagged general circulationmodel. Their results indicate that moisture convergence and
divergence over northern Africa had a stronger influence on simulated rainfall over the sub-Sahara than the
contributions from the adjacent oceans. Their study only covered the months of June and July and the wet
and dry scenarios. Also, themodel’s spatial resolution was very coarse (8°× 10°) compared to what is available
today.Gong and Eltahir [1996] developed amathematical model that calculates themass balance of the regional
hydrological cycle to identify themoisture sources of thewestern part of the Sahel (5°N–15°N, 10°W–15°E). Their
study concluded that the tropical Atlantic to the south, central Africa to the east, and the local evaporation are
the main moisture sources, contributing with 23%, 17%, and 27%, respectively, to the total precipitable water.
Nieto et al. [2006] used FLEXPART to identify themoisture sources of theWestern Sahel (18°W–20°E, 10°N–20°N)
and identified, besides regional moisture recycling, the band of the North Atlantic between the Sahel and
Iberian coast, the Mediterranean, and the Red Sea, as moisture sources. Recently Salih et al. [2015] applied
the same method to identify moisture sources for the eastern part of the Sahel (22°E–36°E, 11°N–15°N) for
the period 1998–2008. The present study is a follow-up on the latter, revisiting the same problem by using
amoisture-tagging technique and covering the longer period 1979–2013. Our focus on this region is motivated
because it is the least studied part of the African Sahel, yet it undergoes rainfall variability and drought periods
similar to the rest of the Sahel.

Most previous studies agree that the tropical Atlantic, central Africa, and local recycling are the main sources
of moisture for the Sahel [Gong and Eltahir, 1996; Nieto et al., 2006; Salih et al., 2015]. However, the relative
contributions of these sources vary from one study to another. The differences in the methods and in the
spatial and temporal domains used in each of these studies might explain some of the disagreements. A wide
range of methods, from chemical to computational, has indeed been applied to identify moisture sources
and transport into the Sahel. For instance, the analysis of the water-isotope composition has been used to
understand Sahelian moisture budget and its interannual variability [Risi et al., 2010; Okazaki et al., 2015].
However, this method is severely limited by lack of observational data. Water isotopes are also sensitive to
cloud-microphysical and other atmospheric processes en route to the site target region, which can change
the composition and attenuate the tracer signal [Yoshimura et al., 2004].

Computational methods using Lagrangian and/or Eulerian frameworks are widely applied. The Lagrangian
approach divides the mass of the atmosphere into a set of infinitesimally small mass elements and traces
the evolution of their physical characteristics over time following the motion of the atmosphere [e.g., Stohl
et al., 2005]. Since there is no fully Lagrangian model for the atmosphere, this method relies on input from
Eulerian models. The main advantage of the Lagrangian approach is that it establishes a direct source-receptor
relationship and provides the trajectory of the transport. However, this method also includes inevitable inter-
polation errors associated with identification of a parcel’s location and motion; this error grows with time
[Bowman et al., 2013]. For this reason, the length of the “backward time” is also limited, implying an upper
limit for how far back in time moisture can be reliably traced. In some cases this may lead to an erroneous
assignment of the moisture source, although the trajectory length is typically chosen to exceed the residence
time of water vapor in the atmosphere. The Eulerian approach instead divides space into stationary grid
boxes in a three-dimensional grid and calculates moisture fluxes in and out of each grid box. This procedure
hence provides information about the moisture flux, but the exact path and the relations between sources
and receptors are lost. To avoid this problem, another technique has been developed, which allows tracing
the water vapor from the evaporation until it precipitates. This also implies that moisture from a given source
can be traced regardless of the travel time to the target region. This technique, denoted water tagging, is
applied in the present study.

Generally speaking, the question of the moisture transport and moisture source is of great interest, particularly
for regions that are vulnerable to climate variability [Gimeno, 2014]. The ongoing global warming raises questions
about the response of the future global hydrological cycle. Here we used a general circulation model, the
Community Atmosphere Model version 3 (CAM3) [Collins et al., 2006], with a water-tagging module embedded
[Pausata et al., 2011] to trace the source regions supplyingmoisture to the Sahelian Sudan and to quantify their
contribution to the total amount rainfall. The relatively long period covered here, from 1979 to 2013, allows for a
robust analysis of the interannual variability in the context of moisture transport and other factors, like sea-
surface temperature and the natural variability of the system. This analysis of moisture sources is expected to
advance our understanding of the regional hydrological cycle. Moreover, it will be beneficial for the ongoing
efforts of local meteorologists in seasonal forecasting during the monsoon season [van der Ent et al., 2013].
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This paper is organized as follows. Section 2 describes the model, input data, and experimental design. Results
are presented in section 3 and discussed in section 4, while a summary and the conclusion are given in section 5.

2. The Model and Experiments Design
2.1. Model Description

The model used here, the Community Atmospheric Model version 3 (CAM3) [Collins et al., 2006], is based on
the third generation of the National Center for Atmospheric Research general circulationmodel. The dynamical
core of the model contains three selectable options: spectral, semi-Lagrangian, and finite volume. Pursuing the
moisture transport, we used the finite-volume core (CAM-FV) to obtain the best mass and energy balance. In
CAM-FV, the dynamics and physics are split in time. All prognostic variables are calculated separately by the
dynamics and physics [Collins et al., 2006; Lin, 2004], with 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 Kristjnsson [1998], updated by Zhang et al. [2003]. We used prescribed monthly SST data from the
Hadley Center [Rayner et al., 2003]. The shallow and deep convection are described following Xu and Krueger
[1991]. In addition, CAM3 includes a water-isotope module and a moisture-tagging module; in this study we
present results from the moisture-tagging only. The model has been tested and used for various climate simu-
lations and for paleoclimate studies [Pausata et al., 2011; Sturm et al., 2010]. Nevertheless, the model shows
discrepancies in producing the observed rainfall, especially over the tropical oceans. This bias is likely a result
of the convective parameterization [Neale et al., 2008].

2.2. Experiment Design

The simulation covers a time period of
35 years, from 1979 to 2013, a resolu-
tion of 2.8°× 2.8° degrees, with 26 ver-
tical levels and a model top at 3.5 hPa.
We trace 10 specific moisture sources
for the precipitation falling over the
target region (Figure 1 and Table 1),
which is the maximum allowed in the
model. The rest of the globe, denoted
as the eleventh “region,” is calculated
as the residual between the total preci-
pitation in the target region and the

Figure 1. The tagged source regions and their boundaries. The crossed box is the target region, also tagged as region #10 with
the intent of examining the moisture recycling within the region itself. Region #11 represents the rest of the globe and is
calculated as the residual of the total precipitation in the target region and the sumof the contributions fromall the regions #1–10.

Table 1. The Tagged Regions, Theirs Boundaries, and Geographical Zones

Region Geographical Zone Longitude and Latitude

Region 1 Guinea Coast 20°W–10°E, 20°S–10°N
Region 2 Central Africa 10°E–40°E, 20°S–10°N
Region 3 South Indian Ocean 40°E–100°E, 30°S–EQ
Region 4 East Africa 40°E–62°E, 31°N–60°N
Region 5 Indian Pacific basin 62°E–160°E, EQ–22°N
Region 6 Arabian Peninsula 32°E–62°, 15°N–31°N
Region 7 Western Sahel 40°W–20°E, 10°N–20°N
Region 8 Sahara 17°W–32°E, 20°N–31°N
Region 9 Mediterranean 17°W–42°E, 31°N–60°N
Region 10 Sahelian Sudan (the target region) 22°E–36°E, 11°N–15°N
Region 11 The rest of the globe
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sum of the precipitation from the 10
defined source regions. To facilitate a
comparison of the results from this study
and the FELXPART experiment, the 11
moisture-source regions are defined fol-
lowing Salih et al. [2015] and were hence
identified using the Lagrangian back-
tracking model. The selection of these
moisture source regions is also consistent
with the dynamical features of the African
monsoon and potential moisture avail-
ability. For instance, the flow from the
Guinea coast, central Africa, and Western
Sahel are following the migration of the
Intertropical Convergence Zone (ITCZ).
Air from the southern Indian Ocean is
controlled by the influence of the
Mascarene High and the complex topo-
graphy of East Africa. The flow from the
Mediterranean and Arabian Peninsula
is associated with north-to-northeasterly
trade winds. Finally, the tropical easterly
jet is responsible for the upper airflow
from the Indian and Pacific basins
[Hulme and Tosdevin, 1989].

In Salih et al. [2015], Sahelian Sudan
was defined as encompassing the area:
11°N–15°N and 22°E–36°E. However,
due to the coarse resolution of CAM3,
very few grid points fall within this small
region (only one in the meridional and
five in the zonal directions). Given that
the rainfall in the Sahel is characterized
by a strong meridional gradient, the

region must encompass more points in the meridional direction to resolve this gradient. Therefore, we
have extended the target area northward to include two more grids points. The target covers the area:
11°N–18.25°N, 22°E–36°E, hereafter referred as the target region.

2.3. Observations and Reanalysis Data

To evaluatemodel performance we used two gridded sets of rainfall observations: CRU TS3.10 from the Climate
Research Unit [Harris et al., 2014] and the GPCP 2.2 data set from the Global Precipitation Climatology Project
[Adler et al., 2003]. We also use wind data from the ERA-Interim reanalysis [Dee et al., 2011]. The CRU and
GPCP rainfall data sets have spatial resolutions of 0.5°× 0.5° and 2.5°×2.5°, respectively, while the ERA-Interim
wind data used here has a 1.5°× 1.5°spatial resolution. To illustrate the interannual variability in rainfall and
moisture contribution, we calculated the standardized anomalies of the total rainfall and the rainfall that
originate from certain source regions. Themultiyear variation of the Atlantic surface temperature is represented
by an index for the Atlantic Multidecadal Oscillation (AMO) [Enfield et al., 2001], computed from the detrended
SSTs for the North Atlantic between the equator and 70°N.

3. Results

In this section we first present a brief model evaluation against observed rainfall including both the spatial
distribution and the area-averaged annual cycle and illustrate the performance of the model in producing
the main circulation features during the monsoon period. Subsequently, we compare the results from CAM3

Figure 2. July through Septembermean (average from July to September)
precipitation in mmd!1 for 1979–2013 mean from: (a) CRU, (b) GPCP, and,
(c) CAM3. Here and in following maps, the box marks the target region.
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with those from the Lagrangian model FLEXPART [Salih et al., 2015]. We also present an analysis of the inter-
annual variability in total-observed andmodeled rainfall as well as the variability of themoisture transport and
relate this to the AMO.

3.1. Model Evaluation

In general, the difference between the simulated and observed precipitation varies between 10mmd!1 near
the equator to 1mmd!1 in the northernmost part of the Sahel (Figure 2c). Two rainfall maxima are found in
the tropical part of Africa and one over the Ethiopian highlands (Figures 2a and 2b). CAM3 reproduces
modest rainfall maxima over central Africa; however, it fails to correctly simulate the intensity (Figure 2c).
Over the Ethiopian highlands, the model simulates ~5mmd!1 rainfall, instead of the observed ~9–10mmd!1,
shifted to the east compared to the observed location. This ismost likely a consequence of the coarse resolution
of the model, which makes it difficult to properly capture the strength and location of orographic precipitation.
The model also produces an unrealistic rainfall maximum over the Arabian Peninsula and overestimates the
rainfall over the Indian Ocean. Over the target region, the simulated rainfall seems to reach too far into the
northern part of the Sahelian Sudan compared to the observations, with about 5 to 6md!1 around 18°N
in an area that in reality is relatively dry (~0.5mmd!1). Most of the discrepancies in the simulated precipita-
tion seem to be driven by the differences in the wind field (Figure 3). While the near-surface wind pattern at
1000 hPa is similar to that from ERA-Interim, CAM3 shows a higher wind speed compared to ERA-Interim
(Figures 3a and 3b). Surface wind speed across the Sahelian Sudan varies between 2 and 4ms!1 in ERA-
Interim but reaches 8ms!1 in CAM3. Both the southwesterly and the northeasterly wind systems are much
stronger than in ERA-Interim. The Somali Jet system appears slightly inland, whereas it should be located over
the ocean along the coast of East Africa; this may also be related to the coarse resolution in CAM3. The model
also overestimates the strength of the tropical easterly jet (TEJ). Nevertheless, the model captures the main

Figure 3. July-August-September (JAS) mean wind speed (m s!1) shaded and wind directions (arrows) at (a and d) 1000 hPa,
(b and e) 850 hPa, and (c and f) 200 hPa for the 1979–2008 mean, in ERA-Interim (Figures 3a–3c) and CAM3 (Figures 3d–3f).
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features of the atmospheric circulation across the region (e.g., the monsoon system, the Somali Jet, and the
TEJ) as well as the AEJ at 600 hPa, spanning the western part of the Sahel, i.e., 15°W–20 °E (not shown).

When examining the annual cycle of precipitation over different parts of the African Sahel, the model has a
tendency to delay the rainfall maxima, which usually occur during August in the observations, but in the
CAM3 appears in September (Figure 4). More specifically, when the target domain is relatively small, especially
in the meridional direction, CAM3 produces a rainfall with two maxima, in April and September, which is
unrealistic (Figure 4b). Expanding the target domainmore northward yields an annual cycle that more closely
resembles the simulated one for the whole Sahelian region (Figure 4c), yet both deviate from the observed
one. This is because the precipitation in the African Sahel has a strong meridional gradient with tropical
rainfall to the south and almost no rainfall in the northernmost part of the Sahel. The precipitation that
originates from a number of regions like the Guinea Coast, South Indian Ocean, and the Western Sahel has
one single peak, which is quite similar to the observed rainfall in the target region. However, the precipitation
originating in the rest of the source regions (e.g., central Africa, local evaporation, and the Arabian Peninsula)
produces double peaks (Figure 4d). Nevertheless, the total annual cycle, which is the sum of the contributions
from all of the subregions, is consistent with the observations. The overestimation of the seasonal rainfall
peak is most likely due to a stronger monsoon circulation in CAM3 compared to the reanalysis.

3.2. Contribution From Each Tagged Region

In summer (i.e., July through September) the major moisture-source regions are either from the local evapora-
tion in the target region itself or from the Western Sahel, Guinea Coast, central Africa, and the Mediterranean,
with contributions of 20.3%, 12.9%, 12.9%, 11.9%, and 10.2%, respectively (Figure 5). About 8.2 and 6.5% of the
moisture come from the Arabian Peninsula and Southern Indian Ocean, respectively. Negligible contributions
come from the Sahara, the Indian-Pacific basin, and East Africa. The rest of the globe contributes about
13.2% of the total precipitation, which is comparable to the largest contributing regions except the local
evaporation. The moisture supply from the different source regions varies both temporally and spatially over
the target region.

Figure 4. Areal average annual cycle of the precipitation for (a) the whole African Sahel, (b and c) different versions of the
target region, and (d) the contributions from the 11 different regions to the precipitation in the target region defined as in
Figure 4c. Figures 4a–4c show results from CAM3, GPCP, and CRU, while Figure 4d only show CAM3 results.
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During July about 22% of the moisture
comes from local evaporation, which
indicates a high rate of moisture
recycling. In addition to this the
Mediterranean, Western Sahel, Guinea
Coast, and central Africa are the main
sources, with 15.1%, 14.5%, 12.0%,
and 10.7%, respectively. The Arabian
Peninsula and the South Indian Ocean
add about 5.2% each, and 13.4% comes
from the rest of the globe. It worth
mentioning that the relative contribu-
tion of the Mediterranean has its peak
during this month, reaching about 5%
above its total average contribution over
the three summer months, suggesting
high seasonality. During August, the
relative role of the local evaporation is
reduced to 17.6%, which is the mini-
mumduring these 3months. In contrast,
the Guinea Coast and the Western Sahel
contribute their maximum relative
contribution, adding 15.0% and 14.5%,

respectively. September rainfall is mostly contributed to by the local evaporation (21.6%) with central
Africa and the Arabian Peninsula accounting for 15.2% and 12.0%, respectively. Flow from the Southern
Indian Ocean has its largest relative contribution during this month of 8.7%.

Figure 6 shows the rainfall that originates from different source regions and how it is distributed over the tar-
get region and its vicinity. Themoisture from the Guinea Coast supplies about 0.1–0.5mmd!1 over the whole
target region and 0.5–1mmd!1 in its southwestern part (Figure 6a). This is also the case for moisture from
the Western Sahel, with the difference that the maximum of 0.5–1.0mmd!1 is located in the northwestern
part of the target region (Figure 6e). Moisture from central Africa displays a south-to-north gradient from
2.5 to 0.1mmd!1 over the target region (Figure 6b). It is worth noting that the moisture from this source
region reaches up to the Arabian Peninsula. In the FLEXPART study, Lagrangian particles that originate
from central Africa also reach the Arabian Peninsula [Salih et al., 2015]. The moisture from the South Indian
Ocean and the Arabian Peninsula is distributed more-or-less homogenously over the target region, with
about 0.5–1.0mmd!1 (Figure 6c). The Mediterranean area provides 0.5–1.0mmd!1 in northern part of the
target region and 0.1–0.5mmd!1 in the area that covers the rest of the target region (Figure 6f). It is clear
that there is no one source region that dominates the moisture supply to Sahelian rainfall. The moisture is
aggregated from a range of source regions. This spatial distribution of moisture from different regions is to
some extent similar to that obtained from the Lagrangian study.

We now compare the results obtained using CAM3 against that from the Lagrangian experiment of Salih et al.
[2015] for the same period 1998–2008 (Figure 7). Nine regions are common in the two experiments, while the
CAM3 experiment also includes two extra regions: the local evaporation and the rest of the globe. In CAM3
these two regions together account for 34.6% of the moisture supply to the target region and local recycling
dominates with over 20%. Major differences between the two methods appear in the contributions from
central Africa, the Arabian Peninsula, and Guinea Coast. The contributions from the first two are considerably
higher in the FLEXPART experiment compared to CAM3, while the opposite is true for the last region.
However, these differences are reduced when we group neighboring regions. For example, the total contri-
bution from the Guinea Coast, central Africa, and theWestern Sahel is 49.7% in FLEXPART and 38.6% in CAM3.
FLEXPART suggests that 11.4% of the precipitation over the target region originates from Sahara; however,
the Sahara is a desert with very limited moisture availability and hence unlikely to be a significant moisture
source. Therefore, the Sahara moisture supply in FLEXPART has most likely originated in the Mediterranean,
which is known to influence Sahelian rainfall [Druyan and Koster, 1989; Nieto et al., 2006]. Grouping Sahara

Figure 5. The CAM3 relative contributions from the different the source
regions to the Sahelian rainfall for July through September and JAS mean
over the time period 1979–2013. The source regions are (1) Guinea Coast,
(2) central Africa, (3) South IndianOcean, (4) East Africa, (5) Indian-Pacific basin,
(6) Arabian Peninsula, (7) Western Sahel, (8) the Sahara, (9) Mediterranean,
(10) local evaporation, and (11) the rest of the globe.
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and the Mediterranean in the two
methods produces comparable results:
19.3% from FLEXPART and 13.0% from
CAM3. This is one case where longer
back trajectories in FLEXPART would
have been necessary to capture a more
realistic transport, although longer tra-
jectories also imply larger errors.

3.3. Interannual Variability
in Moisture Sources

The interannual variability of the
Sahelian rainfall can be a result of either
changes in themoisture transport to the
region ormodulations of rain-producing
atmospheric processes such as convec-
tion, frontal, and jet systems. Here we
investigate the relationship between
rainfall variability and the contributions
from the source regions. First we analyze
the summer rainfall anomalies in CAM3,
GPCP, and CRU (Figure 8). In both obser-
vational data sets, most of the years

Figure 7. The relative contribution of the different source regions to the
Sahelian Sudan rainfall for July through September for the period 1998–
2008, from FLEXPART [Salih et al., 2015] and the present study based on
CAM3. The source regions are those where the two studies have the same
definition: (1) Guinea Coast, (2) central Africa, (3) South Indian Ocean, (4)
East Africa, (5) Indian-Pacific basin, (6) Arabian Peninsula, (7) Western Sahel,
(8) the Sahara, and (9) the Mediterranean.

Figure 6. The spatial distribution of the rainfall that originates from different source: (a) Guinea Coast, (b) central Africa,
(c) South Indian Ocean, (d) Arabian Peninsula, (e) Western Sahel, and (e) Mediterranean.
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between 1979 and 1993 show rainfall below the overall average. The model consistently reproduces this
pattern, albeit with a few disagreements in 1983, 1985, and 1986, when the model shows rainfall slightly
above the average. Also, the model underestimates the 1988 and 1994 rainfall, which were years character-
ized by high rainfall and flooding in this region. Such disagreements are expected due to the fact that model
is forced by the SSTs only and not nudged by any atmospheric input. From 1994 and onward, the observed
rainfall shows a regime shift to wetter conditions. Overall, CAM3 produces a similar behavior, although with a
few disagreements with the observations. The interesting question here is if these two rainfall regimes are
manifested in the contribution from any particular source region? In order to address this question we ana-
lyze the interannual variability in the contributions of the source regions (Figure 9 and Table 2). The general
features of the source contribution are similar to the ones in the interannual variability of the total rainfall.
However, the correlation coefficient R indicates strong correlation (R= 0.89) between the total-rainfall inter-
annual variability and the variability in the moisture contribution from the Guinea Coast, central Africa, and
the Western Sahel. The flow from these regions is associated with the seasonal migration of the ITCZ. The
correlations between the total rainfall and contributions from four grouped source regions are all significant
at a 95% confidence level. Although correlation between two different variables does not imply causality, it
indicates behavior in a similar fashion. It is also clear that during the dry period 1979–1994, the contribution
from the South Indian Ocean (Figure 9b) is consistently below its average value. As can be expected, the
contribution from local evaporation is highly corrected with the interannual variability of the total rainfall
(Figure 9e). Also, the local evaporation exhibits the highest standard deviation when compared to the sources
regions (Table 2). The fact that the local evaporation and the total rainfall in the region feedback on each
other may explain their high correlation; the interannual variability in the contribution from local evaporation
is due to the total rainfall in itself exhibiting high variability from year to another.

Because themodel is forced only by the observed SST, themultiyear regimes in Sahelian Sudan rainfall can be
attributed to the SST variability. One of the well-knownmultidecadal SST variability in the neighboring ocean
basin is that represented by the AMO. The modeled and observed regime shifts in the Sahelian rainfall during
July through September and the AMO index for the samemonths appear to have similar low-frequency varia-
bility (Figure 9f). To highlight the differences between these two rainfall regimes, we constructed a composite
of the average anomalies in the wind speed and direction at three different levels 1000, 850, and 200 hPa, for
the dry and wet period as simulated by CAM3 (Figure 10). The dry-period average anomaly for 1979 to 1994

Figure 8. Standardized JASmean rainfall anomalies from (a) CAM3, (b) GPCP, and (c) CRU data sets for the period 1979–2013.
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shows higher surface wind speed across the Sahelian-Sudan compared to the 35 year mean, although those
at 850 hPa are weaker. On the other hand, the anomalies in the wind direction corresponding to these
stronger winds near the surface and at 850 hPa are mostly northerly to northeasterly over a wide area across
the African Sahel, indicating a weakened monsoonal flow. In contrast, during the wet period, near-surface
winds and 850 hPa are predominately southerly to southwesterly in the northern part of the Sahelian
Sudan and up to Egypt. Both the Somali Jet and the TEJ show negative (positive) anomalies during the wet
(dry) periods. ERA-Interim near-surface and 850hPa wind anomalies for the dry and wet regimes (not shown)
agree with CAM3, indicting a weaker than average monsoon during dry years. However, the anomalies in
the Somali Jet and the TEJ differ. In CAM3, the monsoonal wind anomalies and the rainfall behavior are also
reflected in the high correlation (R=0.89) between the total rainfall variability and the variability in the contri-

bution from the ITCZ-associated regions
(Figure 9a). These regions supply about
40.0% of the total summer rainfall and
are also the regions most likely influ-
enced by the AMO, through the effect
of SST on the atmospheric pressure
gradients between the ocean and land.

4. Discussion

The main purpose of the present study
is to quantify the contributions of sev-
eral moisture sources to the Sahelian-
Sudan rainfall during the summer
monsoon, using a climate model with
an embeddedmoisture-taggingmodule.

Table 2. Standard Deviations in Source Regions’ Contributions and Their
Correlation Coefficients With the Variability in the Total Rainfall Over
Sahelian Sudan

Region Correlation Coefficient (R) Standard Deviation (mm/d)

Region 1 0.60 3.0
Region 2 0.82 2.7
Region 3 0.65 1.5
Region 4 0.59 0.3
Region 5 0.54 0.4
Region 6 0.72 1.7
Region 7 0.89 2.3
Region 8 0.03 0.6
Region 9 0.69 4.1
Region 10 0.89 5.1

Figure 9. Standardized anomalies in rainfall from grouped source regions, for the period 1979–2013: (a) Guinea Coast, central
Africa and Western Sahel, (b) South Indian Ocean, (c) East Africa and Arabian Peninsula, (d) the Mediterranean, and (e) the
local evaporation. The correlation coefficients between total rainfall and those from each source region are marked; all are
significant at a 95% confidence level. (f) The AMO index.
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We also compare these results to a previous study, where a Lagrangian back trajectory method based on
ERA-Interim reanalysis data was used. The local evaporation appears to be the main moisture source for
Sahelian Sudan, accounting on average for 20.3% of the total precipitation, which is within the range of
moisture recycling over land estimated by Trenberth [1999]. Other main contributing regions are the
Guinea Coast, the Western Sahel, central Africa, and the Mediterranean. This result is also in agreement with
previous studies highlighting the importance of the local evaporation for the moisture budget over the
African Sahel [Nieto et al., 2006; Taylor et al., 2013]. The role of the Indian Ocean as a moisture source for
Sahelian Sudan is relatively small compared with that of the Atlantic Ocean. Druyan and Koster [1989] also
noticed such a result in their study of the western part of the Sahel stating, “moisture from the Indian
Ocean did not precipitate over the Sahel.” This is the case for the upper air associated with the TEJ, which
neither in this study nor in the previous FLEXPART study shows any significant moisture contribution. The
moisture contributions from the different source regions have a pronounced seasonality. Contributions from
theWestern Sahel and the Guinea Coast have their peak during August. The strong westerly to southwesterly
surface wind during August is a potential cause for this. Also, the Mediterranean contribution shows notable
seasonality, accounting for 15.1% of the total rainfall in July to only 4.9% in September. This contribution to
Sahelian rainfall is sensitive to the Mediterranean SSTs [Rowell, 2003], which exhibits a strong seasonal
variability, viz., a ~5°C difference between July and September [Shaltout and Omstedt, 2014]. The circulation
pattern can also play a role for the seasonality ofmoisture supply. For example, during the early stage of the rainy
season, northerly flow dominates, and consequently enhances the moisture transport from the Mediterranean,
but as the season progresses and the ITCZ moves northward, the flow from the Mediterranean weaken.
Similarly, contributions from central Africa and the South Indian Ocean peak during September, when the
ITCZ is in its northern position.

Figure 10. Composite of CAM3-simulated summer wind anomalies (m s!1) for (a–c) the dry period 1979–1994 and (d–f) the
wet period1995–2013, for 1000 hPa (Figures 10a and 10d), 850 hPa (Figures 10b and 10e), and 200 hPa (Figures 10c and 10f).
from CAM3. Anomalies are relative to the 1979–2013 mean.
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The results from the Eulerian method applied here show larger contributions from oceanic sources than do
those from the Lagrangian modeling [Salih et al., 2015]. For example, 12.9% and 6.4% of the moisture reach-
ing the target region originate from the Guinea Coast and the South Indian Ocean in CAM3, instead of 4.1%
and 2.8%, respectively, in FLEXPART. Consequently, the two methods differ considerably in the estimation
of the contribution from certain continental source regions (e.g., central Africa and the Arabian Peninsula).
Using Lagrangian modeling, Gimeno et al. [2010] also reported a smaller contribution to continental rainfall
from oceanic sources. It remains unclear if these differences are related to the method choice of or to other
differences between the experiments.Winschall et al. [2014] have highlighted such differences in the estima-
tion of source contributions using the two methods although they have used output from one model for the
Lagrangian and Eulerian calculations. It is difficult to establish which results are closer to the truth because
there are no direct observations of moisture supply. The Lagrangian model relies on backward trajectories,
tracking the air from the target to the source, and it is well established that the accuracy of this determination
decreases with time. On the other hand, limiting the length of the back trajectories may lead to missing
sources that lie farther upstream. CAM3, on the other hand, uses a “forward method” of tracking the moisture
from the source to the target, which is likely more accurate. However, the Lagrangian study is based on
ERA-Interim and should therefore have the best representation of whole three-dimensional system. While
CAM3 is forced only by the observed monthly SST, it should reproduce the annual average climate, while
ERA-Interim should be faithful to the actual day-to-day variability. Moreover, the resolution of CAM3 is about
one and half of that of ERA-Interim. Hence, which method is the most accurate cannot be determined from
these two studies. Nevertheless, the use of the twomethods provides estimations and the range of uncertainty
between these estimations.

Nevertheless, by grouping neighboring source regions that are associated with similar atmospheric large-scale
circulation, the estimation in the present study and its predecessor show relative agreement. Grouping smaller
regions into larger ones obviously compensates errors embedded in the twomethods, which is not unexpected
given the differences in horizontal resolution. The two methods also agree that moisture from the source
regions is not distributed homogenously over the target region. For example, moisture from the Guinea
Coast and Western Sahel impacts the southwestern and northwestern parts, respectively, more than the rest
of the target region. Such results suggest that subregional seasonal forecasting using information about
potential source regions might be possible, instead of the current holistic approach that considers the target
region as a one unit.

The response of the Sahelian-Sudan rainfall to SST changes agrees with a large body of literature concerning
this matter. Several studies have shown that Sahelian rainfall is sensitive to the variability in SST [Giannini
et al., 2003; Lu and Delworth, 2005]. In particular, multiyear variability of the Sahelian rainfall has been linked
to the AMO [Martin et al., 2014; Zhang and Delworth, 2006]. Studies found that dry years correspond to the cold
mode of the AMO andwet years with thewarmAMOmode [Wang et al., 2012]. In the observed record, the AMO
was in a warm phase during 1950 to 1970 and changed to a cold phase during 1970 to 1990 [Enfield et al., 2001].
These two periods correspond to two opposing, wet and dry phases of Sahelian monsoon. The continuous data
show that the cold phase of the AMO ended in 1994 and shifted to the warm phase (Figure 10), and this shift
corresponds to a dry to wet shift in Sahelian-Sudan rainfall (Figure 8). According to Nicholson et al. [2007] the
northward migration of the marine ITCZ is sensitive to the cross-equatorial Atlantic SST. For the land ITCZ,
SST impacts both the wind systems through the corresponding pressure gradient and the moisture content
of the air, consequently also the amount of rainfall in the neighboring regions.

5. Summary and Conclusion

The contributions of moisture from different source regions to the Sahelian-Sudan rainfall have been estimated
using a general circulation atmospheric model CAM3 with an embedded moisture-tracing module, and the
results are compared to a previous study that used a Lagrangian method [Salih et al., 2015].

CAM3 reproduces the main features of the wind circulation over the region, such as the southerly to south-
westerly monsoon wind, the Somali Jet, the AEJ, and the TEJ, albeit with some systematic biases in wind
speed. The behavior of the local annual rainfall cycle in CAM3 is found to be sensitive to the size of the target
domain, and we therefore used a larger target domain than in the previous FLEXPART study in order resem-
ble the observed rainfall features. Overall, the precipitation over tropical Africa is underestimated in CAM3;
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however, for the Sahelian Sudan it is overestimated. This is most likely due to a relatively strong monsoon
flow in the model, which leads to a propagation of the ITCZ-related precipitation slightly too far north.
Both this bias and the sensitivity to the size of the target area are likely caused by the coarse resolution in this
model simulation.

Local evaporation, the Western Sahel, the Guinea Coast, central Africa, and the Mediterranean are found to be
themainmoisture sources, accounting for 20.3%, 13.2%, 12.9%, 11.9%, and 10.2%on annual average, respectively.
The contributions from different source regions are characterized by a notable seasonality. The Guinea Coast
and the rest of the globe contribute themost during August, while this month has the lowestmoisture recycling
from local evaporation. The latter has its peak during July, and which also is the peak for the Mediterranean
contribution, while the Arabian Peninsula and central Africa regions reach their maximum contributions
during September. Changes in the wind pattern from northerly in July to southwesterly in August and north-
easterly during September are likely the reason behind the seasonality in of the moisture contribution, a
feature that is tied to the migration of the ITCZ. Both this study and its precursor with a Lagrangian model
agree that source regions associated with the ITCZ dynamic are the main moisture supply for the target region.
However, there is also some disagreement between the two studies. For example, for some land areas the
oceanic sources contribute more in CAM3 than they do in the Lagrangian study and vice versa.

Rainfall interannual variability is also strongly correlated with the interannual variability of the contributions
from the ITCZ-associated regions. Two regimes of rainfall variability are identified during the 35 years of
observed and simulated rainfall. A dry regime covers the period 1979–1994, and a relatively wet one covers
the period 1995–2013. The change in rainfall regime appears to be associated with a change of the AMO phase
from cold to warm. Composites of wind anomalies during the dry (wet) regimes show northerly (southerly)
wind anomalies, which indicate a weak (strong) monsoon flow. We suggest that although the moisture con-
tributions of the oceanic sources to the total rainfall in the Sahelian-Sudan are relatively small compared to
land sources, the changes in sea surface temperature are still important due to their effects on the monsoon
circulation. The effect of SST variations is hence indirect; it affects the transport of moisture while the effect
from the increased evaporation from the oceans is small for the precipitation in Sahelian Sudan.
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