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The West African Monsoon (WAM) is crucial for the socio-economic stability of millions of people living 
in the Sahel. Severe droughts have ravaged the region in the last three decades of the 20th century, 
highlighting the need for a better understanding of the WAM dynamics. One of the most dramatic 
changes in the West African Monsoon (WAM) occurred between 15000–5000 yr BP, when increased 
summer rainfall led to the so-called “Green Sahara” and to a reduction in dust emissions from the region. 
However, model experiments are unable to fully reproduce the intensification and geographical expansion 
of the WAM during this period, even when vegetation over the Sahara is considered. Here, we use a fully 
coupled simulation for 6000 yr BP (Mid-Holocene) in which prescribed Saharan vegetation and dust 
concentrations are changed in turn. A closer agreement with proxy records is obtained only when both 
the Saharan vegetation changes and dust decrease are taken into account. The dust reduction strengthens 
the vegetation–albedo feedback, extending the monsoon’s northern limit approximately 500 km further 
than the vegetation-change case only. We therefore conclude that accounting for changes in Saharan dust 
loadings is essential for improving model simulations of the WAM during the Mid-Holocene.

© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Following the devastating droughts that ravaged the Sahel in 
the 1970–1980s, many efforts have been directed at investigat-
ing climate variability in Northern Africa, focusing on vegetation–
climate feedbacks and the dynamics of the West African Monsoon 
(WAM) system (Charney et al., 1975; Giannini et al., 2003). How-
ever, the past millennia have witnessed much larger precipitation 
changes than those seen in recent decades. One of the most dra-
matic changes in the WAM began around 15000 yr BP, when in-
creased summer precipitation led to an expansion of the North 
African lakes and wetlands. Grassland and shrubland covered areas 
that are currently desert (Holmes, 2008), giving origin to the so-
called “Green Sahara”, or African Humid Period. The African Humid 
Period ended between ∼5500 and ∼4000 yr BP (Armitage et al., 
2015; deMenocal et al., 2000; Shanahan et al., 2015; Weldeab 
et al., 2007). Climate model simulations for the Mid-Holocene (MH, 
6000 yr BP) are not currently able to fully reproduce the in-
tensification and geographical expansion of the African monsoon 
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(Harrison et al., 2014). Hargreaves et al. (2013) have shown that 
this is not a function of the resolution at which the data-model 
comparisons are made, and that the source of these discrepancies 
must lie in a shortcoming common to all models.

The Paleoclimate Modelling Intercomparison Project/Coupled 
Model Intercomparison Project (PMIP/CMIP) protocols assume the 
MH to have the same dust concentrations and land cover as the 
pre-industrial period (Taylor et al., 2009). However, paleo-proxy 
data indicate that dust emissions during the MH were 70–80%
lower than today (Arbuszewski et al., 2013; deMenocal et al., 2000;
McGee et al., 2013), and the Sahara desert was replaced to a 
great extent by shrubs and grassland (Holmes, 2008). The key 
to the models’ dry bias may therefore be an incorrect represen-
tation of vegetation and dust concentrations. On the one hand, 
several studies have already shown that variations in vegetation 
and soil type can have a major impact on precipitation, similar 
in magnitude to that induced by orbital forcing (e.g., Braconnot 
et al., 1999, 2000; Chikira et al., 2006; Claussen and Gayler, 1997;
Claussen et al., 1998; Krinner et al., 2012; Kutzbach and Liu, 1997;
Kutzbach et al., 1996). Nevertheless, the precipitation increase due 
to land cover changes alone is not sufficient to correct the mod-
els’ dry bias, revealing only partial agreement with the most re-
cent paleo-data records (Harrison et al., 2014; Krinner et al., 2012;
Lézine et al., 2011; Shanahan et al., 2015). On the other hand, there 
 under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Table 1
Albedo and leaf area index (LAI) for desert, evergreen shrub and grassland/steppe and the domain over which the 
vegetation changes are applied in each set-up.

Vegetation type Albedo LAI Domain

PS Mainly desert 0.30 0.18 11◦–33◦N 15◦W–35◦E
0.29 0.28 23◦–33◦N 15◦E–35◦E

GS Evergreen shrub 0.15 2.6 11◦–33◦N 15◦W–35◦E

GS2 Evergreen shrub 0.15 2.6 11◦–22◦N 15◦W–35◦E
23◦–33◦N 15◦W–14◦E

Grassland/steppe 0.25 1.0 23◦–33◦N 15◦E–35◦E
are yet no estimates of the potential impacts of Saharan dust re-
duction on the MH WAM. Changes in mineral dust loading can 
alter both incoming solar radiation and cloud properties (DeMott 
et al., 2003); they can further lead to changes in atmospheric 
and oceanic circulation (e.g., Evan et al., 2006; Serra et al., 2014;
Wang et al., 2012), precipitation, storm development and sea sur-
face temperatures (SSTs) (Booth et al., 2012; Evan et al., 2011, 
2009). This points to dust as the potential gap in our current un-
derstanding of past WAM changes.

Here we use climate model simulations to examine the rela-
tive importance of vegetation and Saharan dust concentrations in 
affecting the MH WAM strength and in driving the associated at-
mospheric circulation changes. Our primary goal is to understand 
and quantify the role of dust reduction under a vegetated Sahara.

2. Model description and experimental set-up

2.1. The model

The present study uses the latest version of the fully coupled 
global climate model EC-Earth (version 3.1, Hazeleger et al., 2010). 
The atmospheric model is based on the Integrated Forecast System 
(IFS cycle 36r4) developed by the European Centre for Medium-
range Weather Forecasts, including the H-TESSEL land model. The 
simulation is run at T159 horizontal spectral resolution (roughly 
1.125◦) with 62 vertical levels. The atmospheric component is cou-
pled to the Nucleus for European Modelling of the Ocean ver-
sion 2 (NEMO, Madec, 2008), developed at the Institute Pierre 
Simon Laplace, and the Louvain-la-Neuve Sea Ice Model version 3 
(LIM3, Vancoppenolle et al., 2008). The coupling is performed by 
the OASIS 3 coupler (Valcke, 2006). The ocean component NEMO 
has a nominal horizontal resolution of 1◦ and 46 vertical levels. 
The EC-Earth version used in this study has prescribed vegetation. 
The aerosol concentrations are provided as prescribed fields. The 
aerosol indirect effects are not included in the model version used 
in this study. The annual cycle of the various aerosol types follows 
Tegen et al. (1997). A detailed description of the aerosol compo-
nents can be found in Hess et al. (1998). In Table S1 we report the 
characteristics of the dust particles in our model.

2.2. Experiments set-up

We use as reference scenario the climate of the MH, with 
insolation and greenhouse gas concentrations from 6000 yr BP. 
Differences in the Earth’s orbit in the MH enhanced the ampli-
tude of the seasonal cycle in Northern Hemisphere insolation by 
∼5% compared to present day values. In the control MH simu-
lation (MHCNTRL), we impose PI dust concentrations and vegeta-
tion over the Sahara (desert), as described in the CMIP5 protocol 
(Taylor et al., 2009). While it is well established that dust mo-
bilization during the mid-Holocene was lower compared to the 
late Holocene, we follow the protocol to ease the comparison of 
our results to the literature. We also simulate the PI climate to 
validate the model and assess the impact of the orbital forcing 
alone (see Supplementary material). We then perform an idealized 
experiment (MHGS-RD) in which the vegetation type over the Sa-
hara (11◦–33◦N and 15◦W–35◦E) is set to shrub, typical of the 
modern Sudanian Savanna ecoregion, and the PI dust amount is 
reduced by up to 80% (Fig. S1), based on recent estimates of Saha-
ran dust flux reduction during the MH (Arbuszewski et al., 2013;
deMenocal et al., 2000; McGee et al., 2013). A recent model sim-
ulation using an atmospheric-aerosol model with an embedded 
scheme to detect potential dust sources has confirmed this massive 
dust emission reduction during the Mid-Holocene (Egerer et al., 
2015). The vegetation change corresponds to a reduction in the 
surface albedo from ∼0.3 to 0.15 over the Sahara region and an 
increase in the leaf area index from ∼0.2 to 2.6 (desert and shrub 
respectively; Table 1). The dust reduction leads to a decrease in 
the global dust aerosol optical depth (AOD) of almost 60% and in 
the total AOD of 0.02 (Fig. 1 and Table S1). Finally, we perform 
two further experiments in which the pre-industrial Saharan dust 
concentrations and vegetation are changed in turn (MH*S-*D).

The idealized set-up of the experiments enables a better in-
vestigation of the role of dust under a vegetated Sahara. Further-
more, recent proxy studies have shown that, during the African 
Humid Period, paleo-lakes extended at least up to 28◦N (Lézine 
et al., 2011) and Sudanian Savanna type vegetation (dominated 
by shrubs) was centered between 20◦ and 25◦N and reached as 
far as 28◦N – about 6–9◦ latitude further north than the modern 
distribution (Hély et al., 2014). An earlier and commonly adopted 
vegetation reconstruction (Hoelzmann et al., 1998) does not ac-
count for such an extensive greening, instead prescribing steppe 
vegetation north of 20◦N. In view of the above, the idealized veg-
etation cover in our sensitivity experiments may not be entirely 
unrealistic, especially in the Western Sahara. We have nonetheless 
tested the sensitivity of our results to the choice of the vegetation 
cover by performing an additional set of experiments in which the 
shrubland is replaced by grassland (steppe) over the eastern Sahara 
domain (MHGS2-*D).

It is difficult to verify whether the imposed vegetation cover 
and dust reduction are consistent with one another without a fully 
interactive aerosol scheme. Nevertheless, the dust-scaling factor is 
based on proxy evidence and the imposed vegetation cover is con-
sistent – in particular in the MHGS2-*D experiments – with the 
inferred large increase in precipitation, as discussed in Sections 3.4
and 4.

The details of the boundary conditions for the sensitivity ex-
periments are listed in Table 2. Initial conditions were taken from 
a 700-year pre-industrial spin-up run, and the simulations were 
then run for approximately 300 yr. The climate reaches quasi-
equilibrium after 100 to 200 yr, depending on the experiment. 
In this paper we focus on the equilibrium responses, and only the 
last 100 yr of each sensitivity experiment are analyzed.

2.3. Monsoon diagnostics

In order to quantify the impacts of Saharan dust and vegeta-
tion on the WAM, we define the onset, duration and northernmost 
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Fig. 1. Dust-induced changes in AOD. Annual mean changes in AOD at 550 nm between the pre-industrial and the reduced dust concentrations. (For interpretation of the colors 
in this figure, the reader is referred to the web version of this article.)

Table 2
Boundary conditions for all MH experiments.

Simulation Orbital forcing years BP GHGs Saharan vegetation Saharan dust

MHCNTRL 6000 MH desert PI
MHGS-PD 6000 MH shrub PI
MHGS2-PD 6000 MH shrub/steppe PI
MHPS-RD 6000 MH desert Reduced
MHGS-RD 6000 MH shrub Reduced
MHGS2-RD 6000 MH shrub/steppe Reduced
extent of the monsoon. These three metrics are computed over 
the same zonal domain, spanning 15◦W–20◦E. A range of differ-
ent domains are used in the literature to diagnose the monsoon’s 
duration and extent, ranging from relatively narrow cases (e.g. 
10◦W–10◦E, Sultan and Janicot, 2003), to much wider domains 
(e.g. 20◦W–22.5◦E, Zhang and Cook, 2014). Here, we chose an in-
termediate extent. To test the robustness of our results, the onset, 
duration and geographical extent diagnostics were repeated for a 
10◦W–10◦E domain, and the qualitative conclusions drawn in the 
paper were unaffected.

The monsoon’s onset is defined as the date preceding the 
largest increase in precipitation over a 20-day period at the lat-
itude of the maximum in the first EOF of the zonally averaged 
rainfall (Sultan and Janicot, 2003). The withdrawal is defined as 
the date on which the zonally averaged precipitation at the same 
latitude falls below 2 mm/day, for at least 20 consecutive days. 
The duration is then simply the time intervening between the 
onset and withdrawal dates. Finally, the northernmost extent of 
the monsoon is defined as the northernmost latitude where the 
zonally averaged rainfall exceeds 60 mm/month. This is consistent 
with the 2 mm/day threshold adopted for defining the monsoon’s 
withdrawal. Full details of the three metrics are provided in the 
Supplementary material.

3. Results

3.1. The mid-Holocene control

The MHCNTRL simulation displays a WAM starting in late June 
and lasting for approximately four months (Table S2), with peak 
precipitation values reaching over 16 mm/day on the western 
coastline of Guinea and Sierra-Leone and almost 11 mm/day in 
the interior (Fig. 2b). These values slightly exceed present-day ob-
servations (cf. Fig. 2 and Fig. S6), in agreement with the behavior 
of most CMIP5 models (Harrison et al., 2014). The northernmost 
extent of the monsoon is just above 16◦N (Fig. 2b, Table 3), 2◦
latitude further north than in the PI simulation. The climatologi-
cal June–September (JJAS) surface temperatures range from slightly 
under 40 ◦C in the Western Sahara to 20 ◦C on the coastline of the 
Gulf of Guinea (Fig. 2a). This represents a warming of the Saharan 
domain and a cooling of Equatorial Africa compared to PI condi-
tions, and again follows closely the behavior of most CMIP5 models 
(Harrison et al., 2014).

3.2. The Green Sahara-reduced dust scenario

Changing the land cover from desert to shrub and reducing the 
dust concentrations (MHGS-RD) leads to a wide-ranging increase 
in climatological JJAS precipitations, together with a significant 
change in surface temperatures across the domain (Fig. 2c). The 
peak intensification in precipitation occurs in the Sahel, with lo-
cal increases exceeding 9 mm/day. The signal extends across the 
Sahara, with increases of 1–2 mm/day on the Mediterranean coast-
line (Fig. 2d). On the opposite, the wet coastal regions in Equatorial 
Africa see local reductions in excess of 5 mm/day. The north-
ernmost boundary of the monsoon reaches approximately 30◦N, 
roughly 1500 km north of the control case (Fig. 2d and Table 3). 
This shift is accompanied by an extension of the wet season by 
about one and a half months, from late May to early November 
(Table S2).

Such a strong precipitation change can be traced back to the 
decreased surface albedo over North Africa – owing to the veg-
etation changes – and the increased incoming shortwave radia-
tion at the surface – owing to the reduced dust concentrations 
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Fig. 2. Summer averaged surface temperature, lower atmospheric thickness, low-level wind and precipitation in the MHCNTRL and MHGS-RD changes. MHCNTRL summer (JJAS, June to 
September) climatological values of surface temperature (◦C, shadings) (a); precipitation (mm/day, shadings) and 850 hPa wind (m/s, vectors) (b); and pre-monsoon (MAM, 
March to May) lower atmospheric thickness (m, contours) (a). MHGS-RD changes relative to MHCNTRL in surface temperature and lower atmospheric thickness (c); and in 
precipitation and 850 hPa wind (d). The box in (a) marks the Western Saharan domain. The horizontal lines in (b) and (d) mark the maximum northward extent of the WAM 
in the two experiments. Only differences significant at the 99% confidence level using a t test are shaded in (c) and (d). (For interpretation of the colors in this figure, the 
reader is referred to the web version of this article.)
Table 3
Monsoon’s northernmost extent for all ex-
periments.

Simulation Extent

MHCNTRL 16.3◦N
MHGS-PD 26.4◦N
MHPS-RD 16.3◦N
MHGS-RD 30.8◦N
MHGS2-PD 27.5◦N
MHGS2-RD 30.8◦N
PI 14.0◦N

(Fig. S2). These two elements lead to a strong warming over the 
Sahara in the months preceding the monsoon (Fig. S3b). This, in 
turn, drives an intensification of the Saharan heat low, here di-
agnosed as the difference between the 700 and 925 hPa geopo-
tential heights (Lavaysse et al., 2009) (also termed as lower at-
mospheric thickness, Fig. 2c and see Supplementary material). The 
intensified Saharan low (i.e. increased atmospheric thickness) fa-
vors a northward shift of the convection during the monsoon on-
set. Once the wet season starts, the impact of latent heat changes 
dominates the temperature signal, leading to a cooling of 5 ◦C or 
more across most of the Sahel (Fig. 2c). Beyond the range of the 
monsoon, in the eastern portion of the domain, the albedo sig-
nal outweighs the latent heat changes throughout the summer, 
leading to an intense warming locally exceeding 7 ◦C. A tripo-
lar SST anomaly pattern also develops over the ocean, with a 
warming in the north tropical and equatorial Atlantic and a lo-
calized cooling in between, coinciding with decreased precipita-
tions off the coast of Guinea (Fig. 2c). At the same time, anoma-
lous westerlies develop across the Sahel (Fig. 2d), driving an in-
crease in moisture over the continent (Fig. S4b, see also Cook 
and Vizy, 2006). At upper levels, this westerly anomaly leads to 
a weakening and a northward shift of the African Easterly Jet 
(Fig. S5b). Similar SST and wind anomaly patterns have previ-
ously been linked to enhanced Sahelian precipitations (Cook, 1999;
Kutzbach and Liu, 1997), and a greater penetration of the mon-
soonal flow over the continent (Cook, 1999).
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Fig. 3. Annual mean precipitation anomalies and ecoregion transition thresholds. Annual 
mean precipitation anomalies over land relative to MHCNTRL. The dash–dot lines 
indicate the precipitation increases necessary for the transition between different 
ecoregions, based on present day climate conditions. The precipitation values are 
zonally averaged over the entire Northern Africa (solid lines, 20◦W–30◦E) and over 
the Western Sahara (dashed lines), corresponding to the region where the precipi-
tation anomalies are always above the Desert/Steppe transition. The ecoregions are 
defined based on Olson et al. (2001) and correspond to Sahelian Acacia Savanna 
(Steppe), Sudanian Savanna (Savanna) and Guinean Forest–Savanna Mosaic (Forest). 
(For interpretation of the colors in this figure, the reader is referred to the web 
version of this article.)

The vegetation over the Sahara also increases precipitation 
through the insolation–monsoon–vegetation feedback (e.g,
Braconnot et al., 1999; Kutzbach and Liu, 1997). A broader veg-
etation cover enhances the water vapor flux and the latent heating 
of the atmosphere, amplifying the amount of rainfall for a given 
insolation change. However, the latter effect has a marginal influ-
ence compared to the albedo feedback of vegetation cover (Hales 
et al., 2004).

3.3. The respective roles of dust and vegetation

To further illuminate the linkages between changes in land 
cover and dust boundary conditions and WAM intensity, an ad-
ditional set of sensitivity experiments is carried out in which pre-
industrial Saharan dust concentrations and vegetation are changed 
in turn (MH*S-*D, Table 2). Any differences between the MHCNTRL
and the sensitivity experiments (MH*S-*D) must be due to either 
the greening of the Sahara, the dust reduction, or their combined 
effect.

We find that the vegetation albedo (MHGS-PD) drives about 
65–70% of the increase in WAM strength (Figs. 3 and 4b), lead-
ing to both a lengthening of the monsoon season (Table S2) and 
a northward shift of the WAM’s boundary to over 26◦N (Fig. 4b; 
Table 3). The anomalies in surface temperature, lower atmospheric 
thickness, humidity and wind in the MHGS-PD scenario resemble 
those of the MHGS-RD, albeit generally weaker (cf. Figs. 2c, d, S3b, 
S4b, S5b and 4a, b, S3c S4c, S5c). These changes drive an intensifi-
cation of the monsoon following similar dynamical mechanisms to 
the ones discussed above.

Notwithstanding the large effect of vegetation in our simula-
tion, the northern limit of the monsoon in the MHGS-PD simulation 
is significantly further south (about 500 km) than in the MHGS-RD
case. The dust reduction under a vegetated Sahara enhances local 
precipitation from 0.5 to 2.5 mm/day (Fig. 5c), increasing the an-
nual rainfall over the Western Sahara by 100–200 mm/yr north of 
15◦N (Fig. 3). The Steppe/Savanna transition in the MHGS-PD sim-
ulation only extends up to 24◦N over the Western Sahara, 6◦ lati-
tude further south than in the MHGS-RD case.
Dust reduction under vegetated Sahara conditions therefore has 
a major impact on the WAM: to put this into perspective, the 
northward shift due to the dust is about twice as large as the shift 
due to the changes in orbital forcing between the PI and MHCNTL
experiments, with the former accounting for ∼4◦ latitude and the 
latter for ∼2◦ latitude change (Table 3).

In stark contrast to its effects under vegetated Sahara, the dust 
reduction alone (MHPS-RD) does not lead to any precipitation in-
crease over the Sahara and Sahel regions. On the opposite, it trig-
gers a decrease in precipitation over the Sahel, locally reaching 
1.5 mm/day (Figs. 3, 4d). The dust reduction over a desert Sa-
hara has little influence on the planetary albedo, thus leading to 
no significant direct thermal forcing at the surface in the pre-
monsoon months (Figs. S2c and S3d). The Sahel instead experi-
ences a significant surface warming owing to the darker surface 
compared to the desert (Figs. 4c and S3d), which in turn in-
creases the lower atmospheric thickness to the south of the cli-
matological heat low. This may then favor the enhanced easterly 
flow seen in the summer (JJAS) months, which advects dry air 
across the continent and weakens the monsoonal precipitations 
(Figs. 4d, S4d, S5d). An additional driver of the reduction in Sa-
helian precipitation may be the indirect dust-SST feedback. The 
decreased dust concentrations favor a warming of the Arabian Sea 
and tropical Atlantic SSTs (Fig. 4c). Previous studies have shown 
that positive SST anomalies over these ocean basins may lead to 
Sahelian droughts (Bader and Latif, 2003; Hoerling et al., 2006;
Lu and Delworth, 2005). Finally, the decreased rainfall over the Sa-
hel simulated in the MHPS-RD experiment is also consistent with 
the “heat pump” theory proposed by Lau et al. (2009), whereby 
the dust layers warm the air over West Africa, enhance deep 
convection and strengthen the WAM. Reducing dust concentra-
tions would then lead to a weakening of the “heat pump” ef-
fect and hence a decrease in rainfall. Our results indeed suggest 
that the decreased dust concentrations – while warming the sur-
face over the Sahel – cool the middle and upper troposphere 
(Fig. S2), suggesting a waning of the “heat pump” effect. Further-
more, the “heat pump” effect is sensitive to the single scatter-
ing albedo (ω0) of the dust particles and is most effective for 
highly to moderately absorbing dust (ω0 < 0.95 (Lau et al., 2009;
Solmon et al., 2008)), as is the case in EC-Earth (ω0 = 0.89 at 
550 nm). The strong dependence on the single scattering albedo 
suggests that the “heat pump” effect in climate simulations is 
highly dependent on model parameterization (cf. Lau et al., 2009
and Yoshioka et al., 2007). Nevertheless, under Green Sahara condi-
tions (MHGS-RD), the simulated precipitation changes indicate that 
the reduced “heat pump”, and most likely the model-dependent 
response linked to dust parameterization, are overwhelmed by the 
surface warming associated with the underlying changes in albedo.

Our current model version does not include the aerosol indi-
rect effect; however, we deem this effect not to be able to affect 
the overall conclusion of this study: the crucial changes in surface 
albedo and hence warming must take place in the pre-monsoonal 
season when no clouds are present over the Sahara. Nevertheless, 
the aerosol indirect effect may play a relevant role in affecting the 
simulated length of the monsoon season.

3.4. Sensitivity to prescribed vegetation cover

The design of the MH experiments is idealized in order to bet-
ter elucidate and disentangle the respective roles of land surface 
cover and atmospheric dust loading in altering the large-scale cir-
culation. To test the sensitivity of our results to the exact choice 
of the vegetation cover, we perform another set of experiments 
(MHGS2-RD and MHGS2-PD, Table 2) in which the shrub in the 
eastern Sahara (23◦–33◦N 15◦E–35◦E, grey box in Fig. 5b) is re-
placed with grassland/steppe vegetation type (albedo = 0.25 and 
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Fig. 4. Changes in surface temperature, lower atmospheric thickness, precipitation and low-level wind in the sensitivity experiments. Changes in summer (JJAS) mean surface tem-
perature (◦C, shadings) and in pre-monsoon (MAM) mean lower atmospheric thickness (m, contours) for MHGS-PD (a) and MHPS-RD (c) relative to the MHCNTRL experiment; 
changes in summer mean precipitation (mm/day, shadings) and 850 hPa wind (m/s, vectors) for MHGS-PD (b), and MHPS-RD (d) relative to the MHCNTRL experiment. The hori-
zontal lines in (b) and (d) mark the maximum northward extent of the WAM in each experiment. Only differences significant at the 99% confidence level using a t test are 
shaded. (For interpretation of the colors in this figure, the reader is referred to the web version of this article.)
LAI = 1.0). This is motivated by the fact that the eastern part of the 
Sahara receives relatively little precipitation even under MHGS-RD
conditions (Fig. 2d), and might not have been able to sustain an ex-
tensive shrub cover (e.g. Chikira et al., 2006; Claussen and Gayler, 
1997). The eastern Sahara domain is selected as the region where 
the annual precipitation was below the Steppe/Savanna transition 
(i.e. where shrub type vegetation cannot be sustained). The precip-
itation in Western part of the domain, where we retain the shrub 
cover, never falls below the latter transition zone. A more system-
atic investigation of whether the rainfall increase could sustain our 
imposed vegetation cover would require further simulations adopt-
ing an interactive land-surface scheme, which we deem beyond the 
scope of this paper. Nonetheless, our idealized experiment setup is 
broadly consistent, with the transition bands described in Fig. 3.

The new vegetation cover results in similar atmospheric circu-
lation (cf. Figs. 2d and 4b to 5a and 5b), temperature (cf. Figs. 2c 
and 4a to 6a and 6b) and precipitation changes (Fig. 5c and d) rel-
ative to the MHCNTRL. The precipitation anomalies in the MHGS2-*D
experiments are larger than for the MHGS-*D cases (Fig. 5c and d). 
In particular, the GS2 set-up leads to an even greater effect of dust 
on the rainfall enhancement; however, an analysis of the reasons 
behind this difference is beyond the scope of this paper. These 
additional experiments confirm the role of dust under vegetated 
Sahara: the greening of the Sahara drives a very strong intensifica-
tion and northward extension of the WAM, and the dust reduction 
again accounts for an additional shift of several hundred kilome-
ters (Fig. 5b and Table 3).

4. Discussions

4.1. Comparison to proxy records

The idealized nature of our experiments does not allow a quan-
titative assessment of the model results. However, the model–
proxy comparison can provide useful insights on both the model 
performance and proxy weaknesses and strengths. As our main 
term of comparison, we adopt the synthesis of the pollen-based 
continental precipitation reconstructions in Harrison et al. (2014)
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Fig. 5. Changes in precipitation and low-level wind in the GS2 sensitivity experiments and rainfall enhancement due to dust reduction under vegetated Sahara. Changes in summer 
(JJAS) mean precipitation (mm/day, shadings) and 850 hPa wind (m/s, vectors) for MHGS2-RD (a), and MHGS2-PD (b) relative to the MHCNTRL experiment. Changes in summer 
mean precipitation between the MHGS-RD and MHGS-PD (c) and MHGS2-RD and MHGS2-PD (d) experiments. The dashed box represents the eastern Sahara domain over which 
shrubland was substituted by grassland/steppe. Only differences significant at the 99% confidence level using a t test are shaded. (For interpretation of the colors in this 
figure, the reader is referred to the web version of this article.)
(Fig. 7). The model data used in the comparison are taken from 
the MHGS2-RD experiment, which, within our idealized framework, 
has the most realistic vegetation cover.

The simulated precipitation anomalies relative to present day 
show a very good agreement with the proxy reconstructions 
(Fig. 7). The model appears to significantly overestimate the in-
crease in MH precipitation only between 10 and 15◦N. However, 
the latest proxy data for the African Humid Period suggest a north-
ward shift of tropical vegetation by approximately 6–9◦ latitude 
compared to the present day location: between 25–28◦N the veg-
etation was dominated by Sahelian (grasses) elements; between 
20–25◦N there was a co-occurrence of Sahelian and Sudanian 
Savanna (shrubs) vegetation type and the tropical rain-belt was 
centered between 15◦–20◦N (Hély et al., 2014). Therefore, an in-
crease of about 1000 mm around 15◦N does not seem unrealistic: 
the present day precipitation climatology ranges between 200 and 
600 mm/yr at 10–15◦N, whereas the region under the ITCZ re-
ceives at least 1200–1600 mm/yr.
Other datasets provide evidence that Northern Chad (Ou-
nianga region ∼20◦N) received an annual rainfall of around 
250 mm (Kröpelin et al., 2008), that paleo-lakes extended at 
least as far as 28◦N, and that the WAM may have reached 30◦N
(Lézine et al., 2011; Shanahan et al., 2015). These records are 
consistent with the simulated annual rainfall over Northern Chad 
(∼350 mm/yr) and across the Western Sahara (20◦W–15◦E) in the 
MHGS*-RD experiments, which allows the Steppe/Savanna transi-
tion to extend all the way up to 30◦N (Figs. 2d, 3). On the other 
hand, records from the Gulf of Guinea indicate an enhanced river-
ine runoff (e.g., Weldeab et al., 2007) that may seem at odds with 
the local precipitation decreases along the West African coastline. 
However, the Niger river has a very extensive watershed, which 
was probably connected to lake Chad’s watershed during the MH 
(Lézine et al., 2005). It is therefore likely that the widespread pre-
cipitation increase across the watershed overshadowed the local 
decreases along the coastline, leading to an overall enhanced river-
ine runoff.
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Fig. 6. Changes in surface temperature and lower atmospheric thickness, precipitation in the GS2 sensitivity experiments. Summer (JJAS) changes in surface temperature (◦C, shadings) 
and in pre-monsoon (MAM, March to May) lower atmospheric thickness (m, contours) for the MHGS2-RD (a) and MHGS2-PD (b) experiments relative to the MHCNTRL simulation. 
Only differences significant at the 99% confidence level using a t test are shaded. (For interpretation of the colors in this figure, the reader is referred to the web version of 
this article.)
Fig. 7. Comparison of reconstructed and simulated precipitation changes. Zonal mean 
(20◦W–40◦E) anomalies between the MH and present day for simulated (MHGS2-RD) 
and reconstructed mean annual precipitation over Northern Africa, averaged over 
5◦ latitude bands between 0◦ and 30◦N. The black dots represent the reconstruc-
tions from the data set in Harrison et al. (2014), which are provided as a 2◦ × 2◦
grid cell (Fig. S7) and are calculated averaging the individual site-based reconstruc-
tions within that grid cell. Twice the standard error of the mean (∼95% confidence 
level) of the grid cell reconstructions (dotted) and the model (solid) is shown for 
each latitude band. The model results are averages of model output sampled at the 
location of the grid cells with reconstructions. The number of grid cells available 
for the reconstructions is shown on the plot. The present day precipitation for the 
model comparison is taken from the Global Precipitation Climatology Project (GPCP) 
Combined Precipitation Data Set Version 2.2 provided by the NOAA/OAR/ESRL PSD 
(http :/ /www.esrl .noaa .gov /psd/) (Adler et al., 2003). (For interpretation of the colors 
in this figure, the reader is referred to the web version of this article.)

4.2. Comparison to other modeling studies

The large rainfall enhancement seen in the MHGS*-PD experi-
ments is within the range of other Green Sahara modeling studies. 
Among the studies using prescribed vegetation, Texier et al. (2000)
simulated a zonally uniform increase in rainfall, with similar rates 
over the 15–20◦N latitude band compared to our study, but lower 
values in the upper Western Sahara. A later paper by Chikira 
et al. (2006) prescribed the vegetation following Hoelzmann et al.
(1998), thus setting the northern limit of tropical vegetation re-
markably further south than what has been suggested by recent 
proxy studies (cf. Plate 1 in Hoelzmann et al., 1998 and Hély et al., 
2014). Nevertheless, the study showed a larger precipitation in-
crease than our MHGS-PD experiment (cf. Fig. 4b with Fig. 8c in 
Chikira et al., 2006).

Studies using climate models coupled to a dynamical vegeta-
tion also present a broad range of results. For example, Claussen 
and Gayler (1997) and Renssen et al. (2006) found very strong 
precipitation increases due to the greening of the Sahara – re-
spectively ∼50% and ∼25% greater than in our study (MHGS-PD). 
Claussen and Gayler (1997) simulated a mean June-to-August pre-
cipitation of 129 mm/month (over 10◦W–30◦E and 15◦N–30◦N); 
while in our simulation the mean precipitation in the same do-
main is ∼86 mm/month. Furthermore, their MH reference ex-
periment was twice as wet as our MHCNTL simulation. Renssen 
et al. (2006) showed an increase in rainfall over the Western 
Sahara (14◦W–3◦E) of approximately 45–50 mm/month around 
26–27◦N, whereas in our simulation (MHGS-PD) the increase is 
around 38 mm/month. In Levis et al. (2004), the rainfall increase 
is remarkably smaller in the equatorial region (up to 15◦N) com-
pared to our study (MHGS-PD), nevertheless the WAM penetrates 
further north than in the MHGS-PD experiments when consider-
ing vegetation and soil feedbacks (cf. Fig. 3 with Fig. 1 in Levis 
et al., 2004). At the opposite end of the spectrum, other works 
show weaker precipitation enhancements (e.g., Braconnot et al., 
1999; De Noblet-Ducoudre et al., 2000) compared to the present 
study. In particular, the most recent simulations performed with 
HadGEM2-ES and MIROC-ESM, which included both a dynamic 
vegetation and dust emissions, were not able to reproduce a com-
parable strengthening of the African monsoon (Harrison et al., 
2015). Those simulations were submitted to the CMIP5 initiative 
and the initial configuration for the vegetation was therefore set 
to pre-industrial levels. The simulated MH changes in both mod-
els do not allow vegetation to grow above 15◦N (see simulated 
precipitation anomalies in Fig. 2 in Harrison et al., 2015). Hence, 
the associated variations in dust load compared to pre-industrial 

http://www.esrl.noaa.gov/psd/
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climate are most likely limited, and so are the feedbacks. Further 
studies from other modeling groups are needed to investigate how 
much the response to the change in dust concentrations is model-
dependent.

5. Conclusions

In this study, we use a set of idealized experiments to investi-
gate the role played by vegetation and dust concentration changes 
in the Sahara region in influencing the paleo-WAM. While the role 
of land cover in intensifying the WAM has already been docu-
mented in the literature (e.g., Braconnot et al., 1999; Chikira et al., 
2006; Claussen and Gayler, 1997; Kutzbach et al., 1996), the role 
of dust under Green-Sahara conditions was hitherto unexplored. 
Under a vegetated Sahara, the WAM extends 10◦ latitude further 
north than for the desert Sahara case, reaching about 26◦N. The 
dust reduction in the Green-Sahara set-up drives an additional 
rainfall increase of 0.5–2.5 mm/day across the Sahara (Fig. 5c and 
d) and contributes to about one third (∼500 km) of the total 
northward shift of the WAM. Such shift is twice as large as that 
due to changes in orbital forcing alone (Table 3 and cf. Figs. 2 and 
S6). We therefore show the importance of reduced dust concentra-
tions in significantly enhancing the monsoon’s intensity and extent 
under a vegetated Sahara.

Our results further highlight that changes in dust loading are 
crucial for improving the models’ ability to simulate the MH WAM. 
The momentous precipitation changes seen in our study can be at-
tributed to the unrealistic land surface cover and aerosol loading 
assumptions made in the CMIP5 protocol, on which the MHCNTL
simulation is based. This underlines the serious limitations of 
CMIP5 experiments in simulating the MH WAM.

These conclusions are also relevant when looking into the fu-
ture, since dust emissions may decrease owing to both direct and 
indirect anthropogenic impacts on land cover (Mahowald and Luo, 
2003). Moreover, all the Green Sahara experiments display strong 
westerly low-level flow anomalies (Figs. 2c, 3b, and S5) and a very 
wet Western Sahara contrasted by a much drier Eastern Sahara 
(Figs. 2d and 4a). These patterns are qualitatively similar to the 
anomalies observed in 21st century projections which take into 
account the effect of anthropogenic CO2 emissions (Biasutti, 2013;
Monerie et al., 2013).

The devastating socio-economic effects of recent droughts in 
the Sahel have highlighted the need for skillful long-term climate 
forecasts. However, the failure of most models to reproduce past 
WAM changes suggests that similar shortcomings might hamper 
simulations of future changes in Northern African rainfall.
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