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Abstract. During the early Holocene to mid-Holocene,
about 11 500 to 5500 years ago, lakes expanded across the
Sahel and Sahara in response to enhanced summer monsoon
precipitation. To investigate the effect of these lakes on the
West African summer monsoon, previous simulation stud-
ies prescribed mid-Holocene lakes from reconstructions. By
prescribing mid-Holocene lakes, however, the terrestrial wa-
ter balance is inconsistent with the size of the lakes. In or-
der to close the terrestrial water cycle, we construct a dy-
namic endorheic lake (DEL) model and implement it into the
atmosphere–land model ICON-JSBACH4. For the first time,
this allows us to investigate the dynamic interaction between
climate, lakes, and vegetation across northern Africa. Addi-
tionally, we investigate the effect of lake depth changes on
mid-Holocene precipitation, a neglected aspect in previous
simulation studies.

A pre-industrial control simulation shows that the DEL
model realistically simulates the lake extent across northern
Africa. Only in the Ahnet and Chotts basins is the lake area
slightly overestimated, which is likely related to the coarse
resolution of the simulations. The mid-Holocene simulations
reveal that both the lake expansion and the vegetation ex-
pansion cause a precipitation increase over northern Africa.
The sum of these individual contributions to the precipita-
tion is, however, larger than the combined effect that is gen-
erated when lake and vegetation dynamics interact. Thus,
the lake–vegetation interaction causes a relative drying re-
sponse across the entire Sahel. The main reason for this
drying response is that the simulated vegetation expansion
cools the land surface more strongly than the lake expan-
sion, which is dominated by the expansion of Lake Chad.

Accordingly, the surface temperature increases over the re-
gion of Lake Chad and causes local changes in the meridional
surface-temperature gradient. These changes in the merid-
ional surface-temperature gradient are associated with re-
duced inland moisture transport from the tropical Atlantic
into the Sahel, which causes a drying response in the Sahel.
An idealized mid-Holocene experiment shows that a similar
drying response is induced when the depth of Lake Chad is
decreased by about 1–5 m, without changing the horizontal
lake area. By reducing the depth of Lake Chad, the heat stor-
age capacity of the lake decreases, and the lake warms faster
during the summer months. Thus, in the ICON-JSBACH4
model, the lake depth significantly influences the simulated
surface temperature and the simulated meridional surface-
temperature gradient between the simulated lakes and veg-
etation, thereby affecting mid-Holocene precipitation over
northern Africa.

1 Introduction

Climate and environment reconstructions from mid-
Holocene sediments show that about 11 500 to 5500 years
ago, increased monsoon precipitation over northern Africa
caused an expansion of vegetation and lakes across the
present-day Sahara (Lézine, 2017; Holmes and Hoelzmann,
2017; Hély and Lézine, 2014; Hoelzmann et al., 1998). This
“green Sahara” was characterized by a spatially heteroge-
neous vegetation distribution, ranging from humid-forest
taxa to wooded-grassland taxa (e.g. Lézine, 2017; Hély
and Lézine, 2014). Additionally, so-called megalakes that
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covered an area of more than 25 000 km2, such as Megalake
Chad (Quade et al., 2018; Hoelzmann et al., 1998; Drake
et al., 2022) and Megalake Timbuktu in the Niger Inner
Delta (Drake et al., 2022), likely existed in the Sahel. In
the Sahara, several smaller yet still substantially large lakes
primarily formed in regions where the topographic elevation
was close to the groundwater level (Holmes and Hoelzmann,
2017; Lézine et al., 2011a; Drake et al., 2022), such as in
the Darfur catchment (∼ 210 km2 lake area; Pachur and
Hoelzmann, 1991), Fezzan catchment (∼ 5330 km2 lake
area; Drake et al., 2018), Chotts catchment (> 620 km2 lake
area; Swezey et al., 1999; Coque, 1962; Drake et al., 2022),
and Ahnet catchment (Drake et al., 2022). However, the
mid-Holocene lake and vegetation reconstructions that are
derived from sediment records are spatially sparse and often
temporally discontinuous (Lézine et al., 2011b).

Therefore, the mid-Holocene reconstructions provide only
a fragmentary picture of the landscape across North-
ern Africa. Particularly, the existence of mid-Holocene
megalakes across northern Africa (Quade et al., 2018; Drake
et al., 2022) and the extent of lakes and wetlands across
the western Sahara differ strongly between individual recon-
struction studies (Coe, 1997; Hoelzmann et al., 1998; Stacke,
2011; Chen et al., 2021; Enzel et al., 2017). Accordingly, the
prescribed lake and wetland reconstructions used to inves-
tigate the influence of mid-Holocene lakes and wetlands on
the climate across Northern Africa differ between individual
simulation studies (Li et al., 2023; Specht et al., 2022; Chan-
dan and Peltier, 2020; Krinner et al., 2012; Broström et al.,
1998; Coe and Bonan, 1997).

Mid-Holocene simulation studies have shown that recon-
structed mid-Holocene lakes generally cause a precipitation
increase over northern Africa. But results differ depending
on whether this precipitation increase is only localized (Coe
and Bonan, 1997; Broström et al., 1998; Chandan and Peltier,
2020) or whether the lakes cause an area-wide precipitation
increase across the Sahel and Sahara (Krinner et al., 2012;
Specht et al., 2022; Li et al., 2023). These differences re-
garding the precipitation increase might be related to whether
vegetation feedback to the lake extent is considered (Krinner
et al., 2012; Specht et al., 2022) or whether static vegeta-
tion is prescribed (Coe and Bonan, 1997; Broström et al.,
1998; Chandan and Peltier, 2020). For example, a simula-
tion study by Krinner et al. (2012) shows that a reconstructed
“small” lake extent across northern Africa induces a north-
ward extension of the African rain belt by about 1.5° dur-
ing the mid-Holocene when a dynamic vegetation model is
used (Krinner et al., 2012). In contrast, the same lake extent
causes only a marginal precipitation increase over the Sahel
and Sahara in simulation studies where static mid-Holocene
vegetation is prescribed (Broström et al., 1998). Aside from
differences in vegetation treatment, previous simulation stud-
ies have all prescribed reconstructions of mid-Holocene lake
extents across the Sahel and Sahara to investigate their ef-
fects on the mid-Holocene climate (Li et al., 2023; Specht

et al., 2022; Chandan and Peltier, 2020; Krinner et al., 2012;
Broström et al., 1998; Coe and Bonan, 1997).

As lakes are prescribed from reconstructions, however, the
simulated terrestrial water cycle is not closed. For example,
lake reconstructions prescribed in previous simulation stud-
ies might, on average, evaporate more water to the atmo-
sphere than is supplied to the lakes through discharge from
precipitation within the corresponding catchments. There-
fore, it remains unclear whether the extent of reconstructed
lakes prescribed in previous simulation studies would be sus-
tained under the simulated mid-Holocene climate, particu-
larly considering that these lake reconstructions are subject
to large uncertainties (Li et al., 2023; Specht et al., 2022;
Chandan and Peltier, 2020; Krinner et al., 2012; Broström
et al., 1998; Coe and Bonan, 1997).

In this study, we close the terrestrial water cycle across
northern Africa by constructing a dynamic lake model and
implementing it into the land component (JSBACH4) of the
ICON Earth System Model (ICON-ESM). This allows us to
simulate the growth and shrinkage of Sahelian and Saharan
lakes with regard to their interaction with the climate and
vegetation across northern Africa under both present-day and
mid-Holocene climate conditions. Additionally, for the first
time, it enables us to investigate how the dynamic interac-
tion between the atmosphere, lakes, and vegetation affects
the mid-Holocene climate across northern Africa.

In Sect. 2, we describe the concept of the dynamic lake
model and the structure of the present-day and mid-Holocene
simulations. In Sect. 3, we evaluate the simulated present-
day lake extent by comparing it with observational data
(Messager et al., 2016). We compare the simulated mid-
Holocene precipitation increase and the lake and vegetation
extents with mid-Holocene reconstruction data. Additionally,
we analyse the individual and synergistic effects of the mid-
Holocene lake and vegetation extents on the climate across
northern Africa and examine how changes in lake depth in-
fluence the mid-Holocene climate across northern Africa. Fi-
nally, we discuss our results in relation to previous studies in
the Conclusions section (Sect. 4).

2 Method

To investigate the dynamic interaction between climate,
lakes, and vegetation during the mid-Holocene, we con-
duct a pre-industrial control simulation and a set of mid-
Holocene experiments. For the simulations, we use the at-
mosphere model ICON-A (Giorgetta et al., 2018) and the
land model JSBACH4 (Schneck et al., 2022; Reick et al.,
2021) at a horizontal resolution of ∼ 160 km with 47 verti-
cal atmospheric hybrid-sigma levels. The atmosphere–land
model is forced with climatological orbital parameters corre-
sponding to 0 kyr BP (1850) and 6 kyr BP (Berger, 1978) and
greenhouse gas (GHG) concentrations (Fortunat Joos, per-
sonal communication, 2016; see Bader et al., 2020; Brovkin
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et al., 2019) for the pre-industrial (pi) and mid-Holocene
(mH) simulations, respectively. The pre-industrial (Wieners
et al., 2019a) and mid-Holocene (Jungclaus et al., 2019)
sea-surface temperatures (SST) and sea-ice concentrations
(SICs) are prescribed from Coupled Model Intercompari-
son Project 6 (CMIP6) simulations conducted with the Max
Planck Institute Earth System Model (MPI-ESM).

Like most Earth system models (Richter and Tokinaga,
2020), the MPI-ESM simulates an unrealistically warm SST
(> 5 K) in the eastern tropical Atlantic (Jungclaus et al.,
2013). This promotes excessive precipitation over the Guinea
coast (Zhao et al., 2007) and causes the West African mon-
soon to be positioned too far south during the Northern
Hemisphere summer. To simulate a more realistic latitudinal
position of the West African summer monsoon, we subtract
a monthly climatology of tropical SST biases from the pre-
industrial and mid-Holocene MPI-ESM CMIP6 SSTs. The
tropical SST biases are derived from the differences between
a historical MPI-ESM CMIP6 simulation (Wieners et al.,
2019b) and observation-based SST data from the second
phase of the Atmospheric Model Intercomparison Project
(AMIP II) (Durack et al., 2022). Finally, the tropical SST bi-
ases are smoothed at the 30° N and 30° S boundaries to avoid
artificial temperature edges. We only correct the SSTs from
the tropical regions as we assume the influence of SST biases
from higher latitudes to be comparably small.

Furthermore, all simulations are run with a dynamic
background-albedo scheme as described by Specht et al.
(2022). The dynamic background-albedo scheme repre-
sents changes in the surface albedo due to litter produc-
tion from vegetation. Vamborg et al. (2011) show that
these background-albedo changes substantially increase mid-
Holocene precipitation over northern Africa. This dynamic
background-albedo scheme is only applied over northern
Africa.

With this experiment setup, we conduct a pre-industrial
equilibrium simulation with dynamic vegetation and dy-
namic lakes (pidVdL simulation). This pre-industrial simula-
tion is run for 550 years. The last 150 years of the simulation
are used as the averaging period. The average lake extent of
the pidVdL simulation is compared to an observation-based
lake map from the HydroLAKES data set (Messager et al.,
2016) to evaluate the accuracy of the dynamic endorheic lake
(DEL) model in parameterizing the Sahelian and Saharan en-
dorheic lakes.

In addition, a set of mid-Holocene simulations are con-
ducted to investigate the individual and synergistic effects of
vegetation and lake feedback across northern Africa. In these
mid-Holocene simulations, the vegetation and lakes are ei-
ther statically prescribed using boundary conditions derived
from the 150-year averages of the pidVdL simulation or dy-
namically simulated using the interactive vegetation and lake
model. The simulations are as follows:

– The pidVdL simulation is a pre-industrial simulation
with dynamic vegetation and dynamic lakes.

– The mHdVdL simulation is a mid-Holocene simulation
with dynamic vegetation and dynamic lakes.

– The mHdV simulation is a mid-Holocene simulation
with dynamic vegetation and prescribed pre-industrial
lakes from the pidVdL simulation.

– The mHdL simulation is a mid-Holocene simula-
tion with prescribed pre-industrial vegetation from the
pidVdL simulation and dynamic lakes.

– The mH simulation is a mid-Holocene simulation with
prescribed pre-industrial vegetation and lakes from the
pidVdL simulation.

The individual mid-Holocene simulations are run for 500–
550 years, and the last 150–200 years of the simulations are
used as the averaging period (Fig. A1). Because the vari-
ability in monsoon precipitation in the Sahel is high (see
Sect. 3.2), an evaluation period of 150 to 200 years is used.

The individual and synergistic effects of the dynamic lakes
and dynamic vegetation on the climate variables, e.g. the pre-
cipitation over northern Africa, are investigated by applying
the following factor analysis:

δnet = δveg+ δlake+ δsyn, (1a)
δnet =mHdVdL−mH, (1b)
δveg =mHdV−mH, (1c)
δlake =mHdL−mH, (1d)
δsyn =mHdVdL+mH−mHdV−mHdL, (1e)

where mHdVdL−mH is the net response due to the in-
fluence of both the dynamic lakes and vegetation. Moreover,
δveg and δlake represent the linear (or pure) response to dy-
namic vegetation and dynamic lakes, respectively. Finally,
δsyn is the non-linear response caused by the synergetic ef-
fects of dynamic vegetation and dynamic lakes.

Finally, we consider that the simulated dynamic lakes
change not only in extent but also in depth. Previous sim-
ulation studies have exclusively focused on climate effects
caused by changes in lake extent, while climate effects re-
sulting from changes in lake depth have been neglected
(Broström et al., 1998; Carrington et al., 2001; Krinner et al.,
2012; Chandan and Peltier, 2020; Specht et al., 2022). There-
fore, we conduct an additional mid-Holocene simulation us-
ing prescribed pre-industrial lake and vegetation extents and
a constant 10 m lake depth, as used by Specht et al. (2022),
to investigate the effects of the lake depth changes on the
mid-Holocene climate across northern Africa:

– The mHL10 simulation is a mid-Holocene simulation
with prescribed pre-industrial vegetation and prescribed
pre-industrial lakes with a constant 10 m lake depth.
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Figure 1. River flow directions (arrows) used as boundary conditions to simulate the downslope water transport within each endorheic
catchment (coloured outlines) to the internal drainage points (purple dots). The digital elevation model represents the topography in the
background. The coloured outlines denote the Chad catchment (black), Darfur catchment (red), Taoudenni catchment (blue), Ahnet catchment
(dark green), Chotts catchment (light green), Fezzan catchment (yellow), and a northeastern African catchment (orange). Please note that
these endorheic catchments were generated in a way that suits the resolution of the model simulations. For finer geographical resolution, the
marked region can be split into smaller sub-catchments.

In all simulations, the lake is represented as a pure mixed
layer of a given depth, and the lake extent and lake depth
only vary within the endorheic catchments across northern
Africa (coloured outlines in Fig. 1). In the results, we will
show that understanding the effects of lake depth changes,
particularly regarding Lake Chad, is essential for explaining
the simulated synergistic effects across northern Africa seen
in the mid-Holocene experiments.

The effect of reducing the depth of Lake Chad by 1–5 m
from a standard model depth to the actual simulated depth of
the pre-industrial Lake Chad is given by

δdepth =mH−mHL10. (2)

In the analysis, some changes in δsyn and δdepth are only
shown as time averages of the rain season, which is from
June to September (JJAS). Since most of the annual precipi-
tation falls over northern Africa during JJAS, the atmospheric
response to dynamic lakes and vegetation that cause precip-
itation changes over northern Africa becomes most obvious
in this season.

2.1 Dynamic endorheic lake model concept

The Sahara and Sahel mainly consist of endorheic catch-
ments, which are catchments without an outlet to exter-
nal waters, such as rivers or the ocean (coloured outlines
in Fig. 1). Within the endorheic catchments, surface runoff
and sub-surface drainage flow downslope into internal oro-
graphic depressions, where lakes expand and shrink depend-
ing on the terrestrial water budget of the corresponding catch-
ment (symbolized by the purple dots in Fig. 1). This concept
of endorheic catchments is used in our study to simulate the
dynamic lake extent across northern Africa. In the following,
we describe the technical concept of the dynamic endorheic

lake model (DEL model) and how it is integrated into the hy-
drological discharge model (HD model; Hagemann and Due-
menil, 1998; Hagemann and Dümenil, 1997; Hagemann and
Gates, 2001), which is part of JSBACH4 (Reick et al., 2021),
the land component of the ICON Earth System Model (Jung-
claus et al., 2022).

The HD model is a river-routing model that runs on the
same resolution as the land component, JSBACH4, which is
∼ 160 km for this study. The HD model includes an overland
flow, base flow, and river flow (Fig. 2a). These flows are cal-
culated based on the linear reservoir concept, which assumes
a time-constant retention time k of water in a reservoir and,
thus, a linear relationship between the reservoir water stor-
age S(t) and the water outflow Q(t) from that reservoir (e.g.
Kang et al., 1998), which is expressed as

Q(t)=
S(t)
k
. (3)

The retention time (k < 1 d) for the overland flow and the
river flow of the HD model is derived from the local slope
of the orography, while the retention time for the slower base
flow is set to a constant value of 300 d.

The water inflow to the HD model is given by the sur-
face runoff for the overland reservoir and by the sub-surface
drainage for the base reservoir (Fig. 2a). The k-dependent
outflow from the overland and base reservoir is transported
to the river reservoir of the neighbouring downstream grid
cell (Fig. 2a). The river reservoir is a cascade of five linear
sub-reservoirs that all have the same retention time (Fig. 2a).
After the water has passed through the linear river reservoir
cascade, the outflow from this reservoir is transported further
downstream to the river reservoir of the next neighbouring
grid cell. In this way, the discharge water flows downslope
until it reaches either an internal drainage grid cell (purple
dots in Fig. 1) or a coastal grid cell.
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Figure 2. Panel (a) shows the standard structure of the HD model (adapted from Hagemann and Duemenil, 1998). The input from soil
hydrology is shaded in grey. Panel (b) shows the structure of the HD model at the internal drainage point and the embedded endorheic-lake
reservoir with its inflow from and outflow to the HD model (blue box).

At the internal drainage grid cells, discharge water enters
the local lake reservoir of the DEL model (Fig. 2b). Remote
sensing studies show that, in the Sahel and Sahara, most of
the discharge water is transported to the groundwater reser-
voir below the internal depressions via a sub-surface flow.
For example, in the Chad catchment, about ∼ 70 % of the
seasonal discharge contributes to the sub-surface groundwa-
ter reservoir (and soil moisture) and less than 30 % of the sea-
sonal discharge directly flows into the surface storage of the
Lake Chad (Pham-Duc et al., 2020). The Quaternary ground-
water aquifer and the above-surface storage of Lake Chad ex-
change water on a much longer timescale. A time period of
about 20–40 years is needed to completely replace the wa-
ter volume of Lake Chad (from before the Sahelian drought
in the 1970s) with water from the Quaternary groundwater
aquifer (Bouchez et al., 2016). In the HD model, such a
groundwater reservoir is missing. First simulations showed
that unrealistically high inter-annual fluctuations in the lake
extent occur when the discharge from the (surface) river
reservoir is added directly to the lake reservoir. To avoid
these unrealistically high fluctuations, the outflow from the
river reservoir is added to the base reservoir at the inter-
nal drainage grid cells, and the retention time of this base
reservoir is set to 20 years (Fig. 2b). This 20-year period is
taken from an estimate of the residence time of water in the
Quaternary groundwater aquifer before it enters Lake Chad
(Bouchez et al., 2016). We use this 20-year residence time
as a rough approximation for all internal drainage grid cells
within the Saharan endorheic catchments (see Sect. 2.2).

The lake water volume change, 1Vlake, of the DEL model
is described by the following equation:

1Vlake = (D−O + flake(P −Elake)+Finlake−Foutlake)
×1t. (4)

Here, D represents the discharge water at the internal
drainage grid cell given by the HD model (Fig. 2b).O repre-
sents the lake water outflow that is returned to the HD model
at the outlet point of the respective basin (Fig. 2b). This over-
flow only occurs when the lake level exceeds the outlet height
of the lake basin – that is, when the maximum basin vol-
ume, Vlake,max, within a grid cell is exceeded (which did not
happen in our simulations). Moreover, flake represents the
lake fraction of the grid cell that directly interacts with the
atmosphere through precipitation P and evaporation Elake.
The evaporation over the lake surface is assumed to be equal
to the potential evaporation, which depends on the surface
temperature and surface roughness of the lake. Foutlake and
Finlake describe the lateral lake water flow between neigh-
bouring grid cells of the same lake basin as a lake grows or
shrinks. This lateral lake water flow compensates for lake-
level differences between grid cells of the same lake basin or
sub-basin.

The lateral lake water flow between neighbouring grid
cells depends on the absolute lake-level height Hdyn of each
grid cell, which is the sum of the orographic minimum ele-
vation (or bottom point) of a grid cell Horo,min and the lake
level Hlake above this bottom point and is expressed as

Hdyn =Horo,min+Hlake. (5)

While Horo,min is determined by fixed boundary condi-
tions, Hlake is derived using a lookup table that describes
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Figure 3. Structure of the lateral flow of the DEL model.

the lake’s volume–area–height relation for each grid cell at
1 % lake fraction intervals (see Sect. 2.3). The lake level and
lake area for a given lake volume are derived using linear
interpolation between the intervals in this lookup table. The
lookup table uses 1 % lake fraction intervals to ensure that
lake fraction errors do not exceed 1 % for a given lake vol-
ume per ICON grid cell.

To accurately represent the lake water flow between neigh-
bouring grid cells with regard to the basin and sub-basin
orography, the maximum ridge elevation between each grid
cell and its three neighbouring lake grid cells (Horo,ridge) is
required (see Sect. 2.3). Horo,ridge allows for the represen-
tation of several sub-basins, such as the Chad Basin, and the
Bodélé Depression in the Chad catchment. For example, lake
water flows from present-day Lake Chad into the northern
Bodélé Depression only when the lake level of Lake Chad
exceeds Horo,ridge.

Based on Hdyn and Horo,ridge, the dynamic flow directions
and the flow velocity between grid cells of the same basin
are determined. The dynamic flow directions and the corre-
sponding flow velocity depend on the absolute lake-level dif-
ferences (1Hdyn) between two neighbouring lake grid cells,
given by

1Hdyn =Hdyn(up)−Hdyn(down), (6)

where Hdyn(up) represents the dynamic lake level of the
upstream grid cell and Hdyn(down) represents the dynamic
lake level of the downstream grid cell.1Hdyn is recalculated
at each time step.

The flow velocity is calculated using the Manning–
Strickler equation, which describes an open-channel flow
(Strickler, 1981):

vlake = kst ·1Hdyn
2/3
·

(
1Hdyn

1x

)0.5

, (7)

where vlake is the flow velocity between two neighbouring
grid cells. Moreover, kst (m1/3 s−1) is the roughness coeffi-
cient according to Strickler, which measures the wall rough-
ness of the channel flow (pages 10–12 in Strickler (1981)),
and kst is set to a constant value of 100, indicating a fast flow
over smooth concrete. By choosing this high value, we as-
sume that lake-level differences between neighbouring grid

cells are equalized on a short timescale. Furthermore, 1x is
the distance between the centre points of two neighbouring
grid cells.

The lateral lake flow, Flake, represents the lake water in-
flow, Finlake, to the downstream grid cell and the lake water
outflow, Foutlake, from the upstream grid cell, as described in
Eq. (4). It is expressed as

Flake =min
(
Vlake ·

vlake

1x
,
Vlake

1t

)
, (8)

where Vlake is the lake water volume of the upstream grid cell
and 1t is the integration time step of the model.

Finally, by default in JSBACH4, lakes are represented as a
mixed layer with a constant depth of 10 m. The simulated
lakes of the DEL model, in contrast, are represented as a
mixed layer with a dynamic lake depth. This dynamic lake
depth corresponds to the simulated lake level, Hlake, at the
current time step, where a minimum depth of 1 m is applied.
The dynamic lake depth affects the energy storage of the
lakes and, thus, their surface temperature.

2.2 Boundary conditions for the HD model

The HD model requires flow directions and reservoir reten-
tion times as input boundary conditions in order to simu-
late the downslope transport of discharge water to internal
drainage grid cells or ocean grid cells. The flow directions
and reservoir retention times for the HD model are gener-
ated using version 1.3 of the MPI-DynamicHD model (Rid-
dick et al., 2018). The MPI-DynamicHD model requires a
10′ (minutes of arc) orography data and the location of the
internal drainage grid cells to be flagged on a 10′ grid as
input data. These input data are derived from a 30′′ (sec-
onds of arc) digital elevation model (DEM) and outlines of
endorheic catchments from the HydroSHEDS (Hydrological
data and maps based on SHuttle Elevation Derivatives at mul-
tiple Scales) data set, which are regridded to a 10′ resolution
(Lehner and Grill, 2013).

The internal drainage grid cells are here defined as bottom
points of a lake basin or lake sub-basin. To derive these inter-
nal drainage grid cells at a 10′ resolution, the 10′ orography
data and the ICON grid at a ∼ 160 km horizontal resolution
are used as input data. In a first step, the 10′ orography data
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are used to find local minima within a 9× 9 grid cell box. The
local minimum with the lowest elevation within the region of
each coarser ICON grid cell is selected and flagged as a po-
tential internal drainage grid cell. Subsequently, the basins of
these flagged local minima are flooded, starting with the local
minimum with the lowest elevation. The orography around
the local minimum is flooded until one of the following con-
ditions is met: (1) the boundaries of the corresponding en-
dorheic catchment are reached, (2) the next downstream lake
basin is reached, or (3) the flooding height falls below the
elevation of the current local minimum.

After all local minima and their basins are flooded, only
the largest basin and all smaller downstream basins within
each endorheic catchment are selected. Additionally, the
flooded basin of a local minimum must cover at least 20 %
the area of an ICON grid cell. Since large basins might
contain several sub-basins, all local minima within a basin
that cover an area as large as that of one ICON grid cell
are considered. The abovementioned minimum basin and
sub-basin areas are set in a way that ensures the MPI-
DynamicHD model generates reasonable flow directions at
the coarse R2B4 ICON resolution (∼ 160 km; black arrows
in Fig. 1).

After processing the flow directions and retention times
with the MPI-DynamicHD model, the retention times of the
base flow reservoirs in the internal drainage grid cells are set
to 20 years, as mentioned in Sect. 2.1. This reduces unrealis-
tically high fluctuations in the simulated lake discharge water
inflow, making the lake size less sensitive to inter-annual pre-
cipitation variability.

2.3 Boundary conditions for the DEL model

The DEL model requires a set of boundary conditions to
simulate the growth and shrinkage of endorheic lakes across
northern Africa. To simulate the lake extent and lake height,
a lake height–area–volume lookup table for each grid cell
(Hlake and flake) is needed. To simulate the water flow be-
tween neighbouring lake grid cells, the minimum geographic
height of each grid cell (Horo,min) and the minimum ridge
height of the three neighbouring grid cells (Horo,ridge) are
also needed. To simulate the overflow of the lakes in the
case where the whole lake basin is flooded, the maximum
lake volume (Vlake,max) and the lake basin outlet point are
required. All these boundary conditions are derived from a
30′′ digital elevation model (DEM) and outlines of endorheic
catchments from the HydroSHEDS data set, which are re-
gridded to a 10′ resolution (Lehner and Grill, 2013).

The minimum geographic height (Horo,min) for each grid
cell is determined by identifying the minimum elevation of
the 10′ orography within each coarse-resolution ICON grid
cell. The lake height–area–volume lookup table is derived by
gradually flooding the 10′ orography within the boundaries
of each ICON grid cell individually. The minimum ridge
height of the three neighbouring grid cells (Horo,ridge) is de-

termined by flooding the 10′ orography, starting at the point
of minimum elevation of the current ICON grid cell and end-
ing at the point of minimum elevation of the neighbouring
ICON grid cell. The maximum elevation point of this flood-
ing process is set as the minimum ridge height for the corre-
sponding neighbouring grid cell.

The maximum lake volume (Vlake,max) and the lake basin
outlet points used to simulate the overflow of a lake basin
are derived based on the internal drainage grid cells and the
10′ orography described in Sect. 2.2. The outlet point of each
lake basin is determined by flooding the 10′ orography, start-
ing from the internal drainage grid cells. The 10′ orography
is flooded until the first ICON grid cell that lies outside the
lake basin is reached. This ICON grid cell is set as an outlet
grid cell. The maximum lake volume for each grid cell is cal-
culated from the difference between the outlet height and the
10′ orography.

3 Results

The pidVdL simulation is run for 550 years (Fig. 4a). To
derive a robust result, the last 150 years (white section in
Fig. 4a) are used as the evaluation period.

The simulated surface area of Lake Chad from the pidVdL
simulation is about 3677 km2 (∼ 18.8 %) larger than the
observation-based surface area of Lake Chad from the Hy-
droLAKES data set (Fig. 4b and c). A surface deviation of
18.8 % is relatively small since Lake Chad is characterized
by a wide and shallow basin. Accordingly, small changes
in the water budget can lead to comparatively large changes
in the surface extent. For example, a drought in the 1970s
and 1980s reduced the surface area of Lake Chad by about
90 % (e.g. Olivry et al., 1996) – from about 20 000 km2

(1950–1972) to less than 2000 km2 (1980s) (e.g. Pham-Duc
et al., 2020; Bouchez et al., 2016). Considering these large
changes in the surface extent, we conclude that the HD–DEL
model properly simulates the pre-industrial equilibrium state
of Lake Chad.

The simulated surface areas of the Ahnet and Chotts
lakes from the pidVdL simulation are overestimated by
about 1512 km2 (currently a dry basin) and 1416 km2

(∼ 340,8 %), respectively, in comparison to the Hydro-
LAKES data (Fig. 4b and c). Both lakes receive most of
their water inflow through runoff and drainage from the At-
las Mountains in the northwestern region of Africa (Fig. 4d).
The overestimated water inflow from the Atlas Mountains is
likely due to the coarse resolution of the ICON-JSBACH4
model, which causes an inaccurate representation of the
catchment’s watershed as well as an inaccurate representa-
tion of the small-scale heterogeneous precipitation from oro-
graphic updrafts.

Other simulated lakes from the pidVdL simulation that are
surrounded by flatter terrain are in better agreement with the
HydroLAKES data (Fig. 4b and c). This includes lakes in
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Figure 4. Panel (a) shows the simulated pre-industrial time series of the lake area within the endorheic catchments across northern Africa
(blue line) and the vegetation cover averaged across northern Africa (green line) (10–35° N, 20° W–35° E). The dashed blue and green lines
represent the mean lake area and mean vegetation cover averaged over the last 150 years. The lower panels show (b) the simulated pre-
industrial lake cover fraction averaged over the last 150 years of the pidVdL simulation, (c) the observation-based pre-industrial lake cover
fraction derived from the HydroLAKES data (Messager et al., 2016), and (d) the simulated pre-industrial runoff and drainage averaged over
the last 150 years of the pidVdL simulation, respectively. The black boundaries in panels (b) and (c) outline the endorheic catchment region,
where the lake extent is simulated dynamically. The black boundaries in panel (d) indicate the boundaries of the Ahnet, Chotts, and southern
Chad catchments.

Figure 5. Simulated changes in mid-Holocene (a) annual precipitation (mmyr−1), (b) lake fraction, and (c) vegetation cover compared to
the pre-industrial simulation (mHdVdL− pidVdL). The lake and vegetation cover fractions describe the cover fraction within each grid cell
and are, therefore, unitless.

the northwestern Sahara, whose surface extent is less than
2.5 % of that of an ICON grid cell (Fig. 4b). Similarly, simu-
lated lakes bordering mountains that induce less orographic-
forced precipitation are in better agreement with the Hydro-
LAKES data. For example, Lake Chad mainly receives its
discharge water from the southern part of the catchment,
rather than from the Ahaggar and Tibesti mountains in the
north (Fig. 5d). Satellite observations show that > 90 % of
the discharge water received by Lake Chad is provided by
the Chari–Logone river system in the southern part of the
catchment (E.g. Pham-Duc et al., 2020).

Thus, the HD–DEL model accurately simulates the pre-
industrial surface extent of Saharan lakes, such as Lake
Chad; however, this is not the case for lakes adjacent to
mountains that receive most of their discharge water from
orographic-forced precipitation.

3.1 Mid-Holocene precipitation, lake, and vegetation
changes

Comparison between the mHdVdL and pidVdL simulations
shows that the prescribed mid-Holocene forcing (orbital,
GHG, SST, and SIC forcing) combined with the simulated
mid-Holocene lakes and vegetation extent cause a dipole-like
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“wet-north–dry-south” precipitation response around 10° N
(Fig. 5a). This dipole-like precipitation change is associated
with a northward shift in the West African summer monsoon
rain belt. In addition to the mid-Holocene precipitation in-
crease over the Sahel and western Sahara, Lake Chad ex-
pands at its southern boundary, and the overflow of the Chad
Basin into the Bodélé Depression leads to further lake ex-
pansion northeast of Lake Chad (Fig. 5b). Additionally, some
smaller lakes form in the western Sahara (Fig. 5b). The veg-
etation cover mainly increases across the Sahel (12–18° N)
and the western Sahara, corresponding to the pattern of the
precipitation increase over northern Africa (Fig. 5a and c).

The simulated mid-Holocene lake and vegetation extents
shown in Fig. 5 also occur when starting the mHdVdL simu-
lation with different initial conditions. A mid-Holocene sim-
ulation similar to the mHdVdL simulation but initiated with
completely filled lake basins and a vegetation cover of 100 %
over northern Africa (mHdVdLmax) reaches a similar equi-
librium state (Fig. A1a and d). These results suggest that the
simulated mid-Holocene lake extent and vegetation extents
in the ICON-JSBACH4 model are independent of the pre-
scribed initial conditions.

The ICON-JSBACH4 model underestimates the mid-
Holocene precipitation increase and, thus, the expansion of
lakes and vegetation over northern Africa (Fig. 5). The sim-
ulated precipitation in the central Sahara increases by up to
100–200 mmyr−1 (Fig. 5a; 18–35° N), whereas reconstruc-
tions suggest an increase of about 200–600 mmyr−1 in this
region (Brierley et al., 2020; Braconnot et al., 2012; Bartlein
et al., 2011) or an even greater precipitation increase of about
500–1500 mmyr−1 (Hély and Lézine, 2014; Tierney et al.,
2017; Sha et al., 2019). The simulated lake extent is also sub-
stantially smaller than what sediment reconstructions sug-
gest. For, example, the simulated Lake Chad expands to an
area of 67 480 km2 (Fig. 5b), whereas reconstructions esti-
mate an area of about 350 000 km2 (Hoelzmann et al., 1998;
Quade et al., 2018; Drake et al., 2022). Similar to the lake
extent, the simulated extent of Sahelian–Saharan vegetation
is also underestimated (Fig. 5c) in comparison to recon-
structions (Hély and Lézine, 2014; Lézine, 2017; Hoelzmann
et al., 1998) and climate models that produce a more humid
climate across northern Africa (e.g. Dallmeyer et al., 2021).

This dry bias across northern Africa is a known issue of the
ICON-JSBACH4 model (Schneck et al., 2022) and certain
other state-of-the-art climate models (Brierley et al., 2020;
Braconnot et al., 2012). Obviously, the presence of dynamic
lakes in the ICON-JSBACH4 model does not mitigate the
dry bias of the model. In the following, we analyse the ex-
tent to which dynamic lakes contribute to a greener Sahara
and examine the individual and synergistic contributions of
dynamic lakes and dynamic vegetation to the mid-Holocene
precipitation increase.

3.2 Mid-Holocene precipitation response to dynamic
lakes and dynamic vegetation

The simulated mid-Holocene expansion of dynamic lakes
and dynamic vegetation causes a northward shift in the
West African summer monsoon, resulting in a precipitation
decrease south of 5° N and a precipitation increase north
of 5° N (Fig. 6a). The precipitation increase is strongest over
Megalake Chad, the western Sahel, and the Sahara (Fig. 6a).
These are also the regions where the simulated mid-Holocene
lake expansion (Fig. 5b) and vegetation expansion (Fig. 5c)
are most pronounced. The precipitation increase caused
solely by the simulated mid-Holocene expansion of dynamic
lakes and dynamic vegetation (mHdVdL−mH; Fig. 6a) is
small compared to the precipitation increase caused by or-
bital forcing combined with the dynamics of lake and vege-
tation (mHdVdL− pidVdL; Fig. 5a). Specifically, it accounts
for about 15.4 % (50.6 mmyr−1) in the Sahel (12–18° N,
20° E–35° W) and 32.4 % (11.5 mmyr−1) in the Sahara (18–
35° N, 20° E–35° W) (Table A1). Even though the precipi-
tation changes caused by dynamic lakes and vegetation are
small compared to the total mid-Holocene precipitation in-
crease (Fig. 5a), they are still significant (Fig. 6).

Dynamic vegetation alone causes a local precipitation in-
crease in regions where vegetation expands across north-
ern Africa (Figs. 5c and 6b). This precipitation increase is
caused by enhanced local moisture recycling and a decrease
in surface albedo (e.g. Rachmayani et al., 2015). In con-
trast, Megalake Chad enhances precipitation not only locally
over its water surface but also in the region south of the
megalake, around 5° N (Figs. 5b and 6c). This precipitation
increase is associated with winds that blow from the cool
lake towards its warmer surrounding areas. To the south of
Megalake Chad, the moist lake winds converge with moist
westerly monsoon winds. Because of this moisture conver-
gence to the south of Megalake Chad, moist convection and
convective precipitation are enhanced. This, in turn, leads to
an increase in the westerly monsoon winds.

A factor analysis shows that precipitation increases from
dynamic vegetation alone and dynamic lakes alone (Fig. 6b
and c) are, on the whole, greater than the precipitation in-
crease from dynamic lakes and vegetation together (Fig. 6a).
Accordingly, the synergistic effect of lakes and vegeta-
tion causes a drying response across the entire Sahel
(Fig. 6d). Results show that the dynamic vegetation expan-
sion alone causes a greater precipitation increase over the Sa-
hel (Fig. 6b), and the dynamic lake expansion alone causes
a greater precipitation increase to the south of Chad Lake
(Fig. 6c) compared to the precipitation changes induced by
dynamic lakes and dynamic vegetation together (Fig. 6a).
These results raise the question of what causes the synergistic
effect that leads to a drying response across the Sahel.

The simulated drying response associated with the synergy
between the lake and vegetation feedbacks must come from
factors other than the competition for areal extent between
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Figure 6. Simulated changes in annual mean mid-Holocene precipitation caused by (a) dynamic lakes and dynamic vegetation to-
gether (δnet =mHdVdL−mH), (b) dynamic vegetation alone (δveg =mHdV−mH), (c) dynamic lakes alone (δlake =mHdL−mH), and
(d) vegetation–lake synergies (δsyn =mHdVdL+mH−mHdV−mHdL). The mid-Holocene net precipitation changes (δnet =mHdVdL−
mH) decompose as δnet= δdV+ δdL+ δsyn. The continuous colour shading indicates the significant changes in precipitation according to a
two-sided bootstrapping test at significance levels of 0.05 and 0.95.

Figure 7. (a) Simulated lake extent changes due to the mid-Holocene vegetation cover extent (mHdVdL−mHdL) and (b) simulated vege-
tation cover changes due to the mid-Holocene lake extent (mHdVdL−mHdV).

lakes and vegetation. In fact, comparisons between individ-
ual mid-Holocene simulations reveal a weak yet predomi-
nantly positive feedback between the areal extent of lakes
and that of vegetation. For example, the simulated lake ex-
tent enhances local precipitation over Lake Chad (Fig. 6a
and b), which results in a small expansion of vegetation in the
vicinity of Lake Chad (Fig. 7b). Similarly, the simulated mid-
Holocene vegetation extent enhances rainfall in the western
Sahara (Fig. 6a and c), which increases the lake extent in this
region (Fig. 7a). Only the extent of Megalake Chad slightly
decreases (Fig. 7a), which is related to the reduced rainfall
to the south of Megalake Chad within the Chad catchment
(Fig. 6a and c). The differences in lake and vegetation extents
between the individual mid-Holocene simulations are small
(Fig. 7) compared to the overall changes in mid-Holocene
lake and vegetation extents (Fig. 5b and c; please note the
difference in scaling). Thus, the predominately positive feed-
back between the lake and vegetation extents seems to have
only a small influence on mid-Holocene precipitation; there-

fore, other factors must cause the drying response across the
Sahel.

The drying response across the Sahel caused by lake and
vegetation dynamics is related to changes in the meridional
surface-temperature gradient resulting from a warming re-
sponse over Lake Chad (solid line in Fig. 8c). The change
in the meridional surface-temperature gradient leads to an
overturning circulation response with near-surface merid-
ional winds blowing from the colder land towards the warmer
lake (arrows in Fig. 8b). The southerly wind response to the
north of Lake Chad causes, due to the Coriolis force, an east-
erly wind acceleration at about 12–16° N (blue shading in
Fig. 8a). Additionally, the convergence of meridional winds
above Lake Chad appears to be balanced not only in terms of
ascending motions (arrows in Fig. 8b) but also with respect
to the acceleration of the easterly winds between 8 and 16° N
(blue shading in Fig. 8a). The resulting total easterly wind
response over Lake Chad counteracts the near-surface west-
erly monsoon winds that transport moisture from the tropical

Clim. Past, 20, 1595–1613, 2024 https://doi.org/10.5194/cp-20-1595-2024



N. F. Specht et al.: Dynamic interaction between lakes, climate, and vegetation across northern Africa 1605

Figure 8. Simulated mid-Holocene circulation response (a–c) to the synergistic effect of interacting dynamic lakes and vegetation (δsyn =
mHdVdL+mH−mHdV−mHdL; see Eq. 1c) and (d and e) to a decreased depth (but an unchanged area) of Lake Chad (δdepth =mH−
mHL10; see Eq. 2). Values are zonally averaged over 10–20° N for the boreal summer months (JJAS). The upper panels (a, d) show the
zonal wind response (coloured shading) and the zonal wind climatology of the mH simulation (black contours). The middle panels (b, e)
show the vertical and meridional wind response (arrows) and the specific humidity response (coloured shading). Note that the vertical wind
component was re-scaled (multiplied by 150) for visibility reasons. The bottom panels (c, f) show the surface-temperature response (solid
line). The dashed line in panel (c) shows the surface-temperature changes caused by the mid-Holocene lake expansion in a “green Sahara”,
expressed as mHdVdL−mHdV. The “Lake Chad” labels indicate the location of Lake Chad, which is about 11–15° N. AEJ: African easterly
jet.

Atlantic to the African continent. Accordingly, the easterly
wind response decreases the moisture availability above Lake
Chad (orange shading in Fig. 8b), which dampens the rain-
generating deep convection in the overlying middle to upper
troposphere (arrows in Fig. 8b).

In addition, changes in the meridional surface-temperature
gradient lead to a near-surface divergence to the south of
Lake Chad at about 5° N (Fig. 8b). This near-surface diver-
gence reduces moist convection in the lower troposphere,
which dampens the rain-generating deep convection aloft in
the middle to upper troposphere at about 5° N and weakens
the subsequent flow of the westerly monsoon winds (arrows
in Fig. 8b). This reduction in deep convection additionally
decreases the precipitation over tropical Africa. However, the
main reason for the rainfall decrease in the Sahel is the accel-
eration of the easterly winds above Megalake Chad (Fig. 9a).

Our simulations show that the acceleration of the easterly
winds weakens the westerly monsoon winds not only locally
but also in the upstream region to the west of Megalake Chad.
Accordingly, the inland moisture flux decreases in these re-
gions, leading to a reduction in rain-producing deep convec-
tion (arrows in Fig. 9a). The decrease in the near-surface in-
land moisture flux leads to a drying response across the entire
Sahel along 12° N (brown shading in Fig. 9a).

An additional, idealized mid-Holocene experiment shows
a similar drying response across the Sahel when the depth of
Lake Chad is reduced by about 1–5 m from 10 m (mHL10
simulation) to 5–9 m (mH simulation) (Figs. 9b and A2b).
The extent and the albedo of Lake Chad in the mHL10 and
mH simulations are kept constant at pre-industrial values. In
the mHL10 simulation, 10 m is the standard lake depth value
in the JSBACH4 land model. In the mH simulation, the lake
depth simulated by the DEL model for pre-industrial condi-
tions is used to prescribe the water depth for the grid boxes
of Lake Chad. The lake depth ranges between 5–9 m. Since
the lake depth in both experiments is kept constant through-
out the simulations, the results only show the effect of the
constant differences in lake depth on the climate. A decrease
in lake depth by about 1–5 m leads to a significant drying
response (Fig. 9b), which becomes evident when averaged
over 150 years, meaning that the comparatively strong vari-
ability in monsoon precipitation no longer overshadows the
actual drying response (Fig. A4b). By reducing the depth of
Lake Chad, the heat storage capacity of the lake decreases,
which leads to faster warming of Lake Chad in the summer
months (Fig. 8f). This warming response again changes the
meridional surface-temperature gradient and, thus, the pre-
cipitation response at the latitude of Lake Chad.
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Figure 9. Simulated mid-Holocene moisture flux response (arrows) and precipitation response (coloured shading) at 925 hPa to (a) the
synergistic effect of lakes and vegetation (mHdVdL+mH−mHdV−mHdL) and (b) a decrease in the depth of Lake Chad (mH−mHL10)
during the summer months (JJAS). The continuous colour shading indicates the significant changes in precipitation according to a two-sided
bootstrapping test at significance levels of 0.05 and 0.95.

In the mid-Holocene experiments (δdepth), the changes in
the meridional surface-temperature gradient induce an over-
turning circulation response similar to the one caused by
the synergistic effect of lakes and vegetation (δsyn) (Fig. 8b
and e). This circulation response includes a near-surface east-
erly wind acceleration above Lake Chad (Fig. 8d) that de-
creases inland moisture transport and, thus, rainfall at around
12° N (Fig. 9b). Additionally, the circulation response in-
cludes a dipole-like zonal wind response in the middle tro-
posphere above Lake Chad that corresponds to a southward
shift in the African easterly jet (Fig. 8d) and, thus, a south-
ward shift in the rain belt’s northern boundary. Despite the
similarities between δdepth and δsyn, small differences exist
regarding the response amplitude and the latitudinal posi-
tion of the maximum easterly wind acceleration as well as
with respect to the latitudinal position of the dipole-like zonal
wind response in the middle troposphere.

The area of the mid-Holocene Megalake Chad is much
larger than that of the pre-industrial Lake Chad. However,
the simulated Megalake Chad is rather shallow, with a depth
of about 5–8 m in its southern basin around 12° N (Fig. A2a).
A comparison between the mHdVdL and mHdV simulations
shows that this shallow southward extension of Megalake
Chad causes a local warming response, which means that
the simulated mid-Holocene vegetation cools the land sur-
face more strongly than the simulated Megalake Chad at its
southern boundary (dashed line in Fig. 8d). This warming
response is particularly strong where the extent of Megalake
Chad is shallowest (Figs. A2a and A3a). Additionally, the
expansion of Lake Chad reduces the local surface albedo by
about 0.02 to 0.04 compared to the vegetated land (Fig. A3b),
which increases surface energy absorption and, thus, con-
tributes to the warming response in the southern basin of
Megalake Chad.

The warming response to the shallow extent of Megalake
Chad contributes considerably to the total warming response
caused by the synergistic effect of lakes and vegetation at
around 12° N (dashed and solid lines in Fig. 8d). In con-
trast to the simulated mid-Holocene extent of Lake Chad in
a desert landscape, which causes local surface cooling and
a precipitation increase (Fig. 6c), the mid-Holocene extent

of Lake Chad in a simulation of a vegetated northern Africa
causes surface warming and, therefore, a drying response
(Fig. 8c).

4 Conclusions

Our results show that the DEL model realistically simulates
the pre-industrial extent of Lake Chad and the presence of
some dry basins over northern Africa. Only the extent of
the Ahnet and Chotts lakes, which receive most of their dis-
charge from the Atlas Mountains, is overestimated by about
1512 and 2004 km2, respectively. The overestimated lake ex-
tent of both lakes is likely caused by the coarse resolution
of the simulation. The coarse resolution limits the accurate
representation of the catchment boundaries as well as the
accurate representation of small-scale heterogeneous precip-
itation from orographic updrafts, which occur in the Atlas
Mountains.

Additionally, the DEL model only mimics the effect of
an aquifer reservoir to avoid unrealistically high inter-annual
fluctuations in lake depth and lake extent. In the HD model,
however, a comprehensive aquifer model that interacts with
the overlying dynamic lakes is missing. Reconstructions
show that aquifers across northern Africa filled up during
the early Holocene until the water table reached the over-
lying lake basins, leading to the formation of larger lakes
(Lézine et al., 2011b). As precipitation over northern Africa
decreased towards the end of the African Humid Period,
the lake basins continued to be fed by the aquifers (Lézine
et al., 2011b). Therefore, the expansion and regression of the
lakes occurred with a delay of about 3000 years compared to
the orbital-forced summer insolation changes (Lézine et al.,
2011b). Since this lake–aquifer interaction is missing from
the HD–DEL model, the DEL model is presumably not suit-
able for transient simulations.

The simulated area of the mid-Holocene Lake Chad, at
67 480 km2, is strongly underestimated compared to recon-
structions, which yield an estimate of about 350 000 km2

(Hoelzmann et al., 1998; Quade et al., 2018; Drake et al.,
2022). Comparing reconstructions with simulated lakes in
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the western Sahara is difficult because lake reconstructions
for this region are subject to large uncertainties (Drake et al.,
2022). Simulated lakes in the western Sahara are presumably
also underestimated by the ICON-JSBACH4 model. The un-
derestimated lake extent is likely related to the known dry
bias across northern Africa simulated by the ICON-ESM
(Schneck et al., 2022). Climate models that produce a more
humid mid-Holocene climate across northern Africa, such as
the MPI-ESM (e.g. Dallmeyer et al., 2021), potentially sim-
ulate much larger vegetation and lake extents across north-
ern Africa. Even though the lake extent and vegetation ex-
tent in our mid-Holocene simulations are underestimated, the
simulations provide interesting insights into the factors influ-
encing the interaction between climate, lakes, and vegetation
across northern Africa during the mid-Holocene.

The factor analysis indicates that the meridional surface-
temperature gradient between the dynamic lakes and dy-
namic vegetation sensitively influences mid-Holocene pre-
cipitation over northern Africa and, therefore, plays a ma-
jor role in the interaction between the West African summer
monsoon, lakes, and vegetation during the mid-Holocene.
For example, the simulated mid-Holocene extent of vegeta-
tion in the Sahel cools the land surface more strongly than the
simulated mid-Holocene extent of Lake Chad. Accordingly,
the mid-Holocene extent of Lake Chad in a simulation of a
densely vegetated Sahel leads to local surface warming. The
resulting local changes in the meridional surface-temperature
gradient induce an overturning circulation response in the
lower troposphere that decreases inland moisture transport
from the tropical Atlantic into the African continent, result-
ing in a drying response across the entire Sahel. This drying
response is an unexpected result since previous simulation
studies have shown a general precipitation increase in re-
sponse to the mid-Holocene extent of Lake Chad prescribed
from reconstructions (Coe and Bonan, 1997; Broström et al.,
1998; Carrington et al., 2001; Krinner et al., 2012; Chandan
and Peltier, 2020; Specht et al., 2022; Li et al., 2023). This
precipitation increase also occurs in the study by Specht et al.
(2022), in which the same climate model, ICON-JSBACH4,
is used. Specht et al. (2022), however, prescribe a constant
lake depth of 10 m, which is the standard lake depth of
the ICON-JSBACH4 model. In our study, the lake depth is
treated dynamically and depends on the local water budget.

Idealized mid-Holocene simulations show that the simu-
lated lake depth sensitively influences the surface temper-
ature of the dynamic lakes and, thus, the local meridional
surface-temperature gradient between the lakes and their
vicinity. For example, our results show that decreasing the
depth of Lake Chad, without changing its spatial extent, in-
duces a local warming response over Lake Chad. By reduc-
ing the depth of Lake Chad by about 1–5 m, the heat stor-
age capacity of the lake decreases, which leads to a faster
warming of the lake during the summer months. The result-
ing local surface warming causes a circulation and drying re-
sponse that is similar to that caused by the mid-Holocene ex-

tent of Lake Chad in a simulation of a densely vegetated Sa-
hel. Based on these results, we conclude that a proper repre-
sentation of lake parameters, such as lake depth, is important
to properly simulate the surface temperature of lakes across
northern Africa and to investigate the effect of these lakes on
mid-Holocene monsoon precipitation.

Unfortunately, previous mid-Holocene simulation studies
offer only limited information on how lakes are represented
in terms of lake depth or lake surface albedo in the utilized
climate models (Coe and Bonan, 1997; Broström et al., 1998;
Carrington et al., 2001; Krinner et al., 2012; Chandan and
Peltier, 2020; Li et al., 2023). These simulation studies likely
neglect the effect of mid-Holocene lake depth changes on
monsoon precipitation because they use lake reconstructions
that rarely provide information about lake depth (e.g. Hoelz-
mann et al., 1998). The differences in lake representation be-
tween different climate models might be the reason why, in
some models, a prescribed mid-Holocene lake extent only
causes a local and marginal precipitation increase (Coe and
Bonan, 1997; Broström et al., 1998; Chandan and Peltier,
2020), whereas the same lake extent causes a substantial pre-
cipitation increase across northern Africa in other models
(Krinner et al., 2012; Specht et al., 2022; Li et al., 2023). In
our study, lakes are treated as a pure mixed layer with a dy-
namic depth and a constant surface albedo of 0.07. A more
realistic lake surface temperature might be simulated by con-
sidering the existence of a lake thermocline and a dynamic
lake albedo. For example, the albedo of lakes with a depth
exceeding 3 m might vary from 0.05 to 0.1 (Cogley, 1979),
whereas the albedo of smaller water bodies with a depth of
1–3 m might vary from 0.09 to 0.22 (de Fleury et al., 2023)
within the Sahelian–Saharan region (12–35° N).

Our results suggest that the mid-Holocene lake extent only
causes a local positive vegetation feedback across northern
Africa. In our simulations, however, the extent and depth of
the mid-Holocene lakes are underestimated compared to re-
constructions (Hoelzmann et al., 1998; Quade et al., 2018;
Drake et al., 2022). Since the depth of the lakes is likely
underestimated, the surface cooling caused by the simulated
mid-Holocene lakes is likely underestimated as well. A larger
lake extent and a greater depth across northern Africa might
cause a positive vegetation feedback if these simulated lakes
cool the land surface more strongly than the simulated vege-
tation of the surrounding land. Thus, rather than showing the
most realistic mid-Holocene precipitation increase due to the
simulated extent of dynamic lakes and dynamic vegetation,
our study provides insights into the factors influencing the
dynamic interaction between climate, lakes, and vegetation
across northern Africa.

Additionally, in our study, we neglect the existence of
wetlands as well as the effects of exorheic lakes, such as
Megalake Timbuktu in the Niger Inner Delta (Drake et al.,
2022). Wetlands might cause relatively high evaporation
and surface cooling as this land surface type combines the
high surface roughness of the vegetation with the moisture-
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saturated surface of the lakes (Specht et al., 2022). Strong
surface cooling due to the extent of the wetlands potentially
occurred in the vicinity of Megalake Chad (Hoelzmann et al.,
1998) and in the western Sahel and Sahara (Chen et al.,
2021). To gain a more comprehensive understanding of the
effects of dynamic wetlands, more research is needed.

Appendix A

Figure A1. Time series illustrating the simulated mid-Holocene lake extent (blue) and vegetation extent (green) for the (a) mHdVdL,
(b) mHdL, (c) mHdV, and (d) mHdVdLmax simulations. The blue line denotes the lake area within the endorheic catchments of North
Africa, and the green line denotes the vegetation cover averaged across the Sahel and Sahara (10–35° N, 20° E–35° W). The time series
section with the white background indicates the evaluation period used for the analysis. Depending on the variability in the lake area and
vegetation cover, the evaluation period is either 150 or 200 years long.
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Figure A2. Differences in lake depth between (a) the simulated mid-Holocene and pre-industrial lakes (mHdVdL−mH) and (b) the simu-
lated pre-industrial lakes and the prescribed standard lakes with a constant 10 m lake depth (mH−mHL10).

Figure A3. Simulated changes in mid-Holocene summer (JJAS) (a) surface temperature and (b) albedo resulting from the extent of the lakes
within a simulation of a vegetated Sahel and Sahara (mHdVdL−mHdV).

Figure A4. Standard deviation of the simulated mid-Holocene precipitation for (a) the mHdVdL simulation and (b) the mH simulation
during the summer months (JJAS).

Table A1. The simulated mean annual precipitation and standard deviation of the annual precipitation averaged across the Sahel (12–18° N,
20° E–35° W), the Sahara (18–35° N, 20° E–35° W), and the individual catchments over the last 150 years (pidVdL simulation), 200 years
(mHdVdL simulation), and 150 years (mH simulation).

Annual precipitation (standard deviation) in mmyr−1

Experiments Sahel Sahara Ahnet Chad Chotts Darfur Fezzan NE Africa Taoudenni

pidVdL 137.0 32.7 31.6 229.3 44.3 10.1 11.7 7.1 22.6
(∓ 83.6) (∓ 24.4) (∓ 29.9) (∓ 73.9) (∓ 27.4) (∓ 18.5) (∓ 15.2) (∓ 7.5) (∓ 33.9)

mHdVdL 465.0 68.2 66.5 389.8 58.9 34.3 18.4 10.8 128.6
(∓ 160.3) (∓ 49.1) (∓ 60.8) (∓ 115.3) (∓ 41.3) (∓ 43.1) (∓ 26.4) (∓ 12.8) (∓ 98.3)

mH 414.4 56.7 52.8 370.2 52.1 31.3 16.9 11.0 88.8
(∓ 150.0) (∓ 44.4) (∓ 53.1) (∓ 114.0) (∓ 37.3) (∓ 36.8) (∓ 25.1) (∓ 13.0) (∓ 83.5)

mHdVdL− pidVdL 328.0 35.5 34.9 160.5 14.7 24.2 6.7 3.7 106.0
(∓ 76.7) (∓ 24.8) (∓ 31.0) (∓ 41.3) (∓ 13.9) (∓ 24.5) (∓ 11.2) (∓ 5.3) (∓ 64.4)

mHdVdL−mH 50.6 11.5 13.6 19.5 6.9 3.0 1.6 -0.2 39.8
(∓ 10.3) (∓ 4.7) (∓ 7.7) (∓ 1.2) (∓ 4.0) (∓ 6.3) (∓ 1.3) (∓ (-0.2)) (∓ 14.8)
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Code and data availability. A summary of the ICON-A JS-
BACH4 model version, the scripts for generating the boundary con-
ditions, the run scripts, and the output data used to generate the fig-
ures shown in this study are available at https://hdl.handle.net/21.
11116/0000-000E-400F-A (MPG, 2024).
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