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1.  Introduction
The hyperarid Sahara in North Africa is currently the largest hot desert and one of the largest sources of 
airborne dust on the Earth (Palchan & Torfstein, 2019). But during the early to middle Holocene (11–5 ka), 
large parts of the Sahara were much wetter and greener than today (Pausata et al., 2020). Evidence for this 
mid-Holocene “Green Sahara” comes from paleolake deposits (Kropelin et al., 2008; Lézine et al., 2011), 
river systems (Skonieczny et al., 2015), pollen records (Bartlein et al., 2010), and archaeological findings 
(Drake et al., 2011; Larrasoana et al., 2013). It is believed that the wetter hydroclimatic conditions experi-
enced by the Sahara were primarily triggered by Earth's orbital cycle (Kutzbach, 1981). However, current 
state-of-the-art Earth System Models (ESMs) that account for orbital forcing alone cannot reproduce the 
climate and land cover in the mid-Holocene Green Sahara (Harrison et al., 2015). Despite improvements 
in the representation of the West African monsoon, the most recent mid-Holocene (6 ka) simulations from 
Paleoclimate Modelling Intercomparison Project 4 (PMIP4) continue to underestimate the northward ex-
tension of West African monsoon (Brierley et al., 2020).

Abstract  The Sahara was significantly wetter and greener than today during the mid-Holocene 
(∼6,000 years before present), and those conditions were likely maintained by feedbacks from evaporating 
wetlands and riparian zones. A lack of spatially continuous wetland reconstruction is the major obstacle 
to investigating their impacts on climate and vegetation during that epoch. Here, we estimate high-
resolution gridded wetland distribution up to 15″ in the mid-Holocene North Africa obtained with three 
statistical and hydrological modeling approaches forced by enhanced and calibrated precipitation from 
climate models. These wetland models have good performance for present-day conditions and reproduce 
mid-Holocene hydrological elements evaluated by 297 paleo-records. Simulation results show that 
18.9 ± 4.0% of land surface in North Africa was covered by wetlands during the mid-Holocene. Our results 
highlight the impact of natural climate change on wetland areas and provide a data set for modeling 
studies to include wetland feedbacks.

Plain Language Summary  Several lines of evidence show that northern Africa was 
considerably wetter and greener than today at ∼6,000 years ago, which is known as the mid-Holocene 
Green Sahara (GS). However, most current models could not reproduce climate in the GS. The 
importance of wetland feedbacks on sustaining a wetter climate has partially been recognized while large 
uncertainties in wetland coverage make it difficult to examine wetland feedbacks in climate models. We 
trained several wetland models under present climate and applied them to wetland reconstructions of 
GS. The produced wetland maps could capture dense wetlands indicated by 297 paleo-records. The total 
wetland fraction in the mid-Holocene North Africa is 18.9 ± 4.0%, which is more than five times the area 
today (∼2.8%). The relationship between wetland fraction and precipitation is examined in our models. 
This work improves our understanding of the GS enigma, and has implications for potential greening and 
wetting of Sahel and Sahara in the future.
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The importance of land-surface and dust feedbacks to maintain a wetter climate in the mid-Holocene Sa-
hara has been recognized (Braconnot et al., 2021; Chandan & Peltier, 2020; Claussen & Gayler, 1997; Texier 
et al., 2000). For example, ESM simulations showed that Saharan vegetation cover and dust reduction could 
significantly increase African monsoon precipitation (Sun et al., 2019). Krinner et al. (2012) suggested that 
open-water surfaces in the Sahara were a strong local moisture source and had effect on the mid-Holocene 
North Africa climate. However, there are still large uncertainties in land cover reconstructions of wetland 
coverage due to spatially discontinuous paleo-records (Engel et al., 2017; Quade et al., 2018). This limita-
tion prevents us from quantifying mid-Holocene wetland feedbacks on vegetation (Chen et al., 2020; Tian 
et al., 2017) and climate (Chandan & Peltier, 2020; Krinner et al., 2012). We argue that a robust reconstruc-
tion of wetland distribution is fundamental for a better climate modeling during that period.

Despite the widely recognized importance of wetlands, their definition is inconsistent in the literature (Hu, 
Niu, & Chen, 2017). In this study, we focused on potential wetlands (including lake areas), which are de-
fined as persistently saturated or near-saturated areas that are regularly subject to inundation or shallow 
water tables if there were no human disturbance (Tootchi et al., 2019). According to tropical and subtropical 
wetland areas estimated through combining expert rules and multiple hydrological models and data sets 
(Gumbricht et al., 2017), only ∼0.8% of land surface area in North Africa between 10° and 30°N is currently 
covered by wetlands. In comparison, estimates from Hoelzmann et al. (1998) suggest that wetlands occu-
pied at least 7.4% of the land surface in the same domain during the mid-Holocene, and they admit it is 
an underestimate because of limited wetland information for North Africa. Combining digital topographic 
data, satellite images, and previous studies, Drake et al. (2011) developed a map describing palaeohydrolog-
ical elements of the mid-Holocene Sahara. Nevertheless, still under debate is the size of some large lakes 
and the associated rainfall rate (Engel et al., 2017; Quade et al., 2018), let alone wetland areas. Several meth-
ods were applied to establish present-day wetland distribution data sets, including remote sensing images 
classification, aggregation and compilation method, and model simulation (Hu, Niu, & Chen, 2017; Stocker 
et al., 2014; Xue et al., 2018). The idea of these statistical and hydrological models inspired us to generate 
the first high-resolution reconstruction of wetlands for the Green Sahara.

This study aims to reconstruct wetland distributions in the mid-Holocene North Africa based on three 
statistical and process-based approaches. First, these models are trained under the present climate to re-
produce present potential wetlands. The mid-Holocene climate variables are calibrated and used to force 
these wetland models to simulate mid-Holocene wetlands, which are then evaluated against hydrological 
elements from paleo-records. Final, we determine the most plausible wetland map and explore the relation-
ship between wetland areas and precipitation levels.

2.  Materials and Methods
2.1.  Predictive Models for Wetland Distribution

Three approaches were used to predict the wetland fraction at mid-Holocene: a simple diagnostic model 
based on the topography-climate wetness index (TCI), a multivariate random forest model (RFM), and the 
physically based land surface model ORCHIDEE-PEAT (LSM) with the TOPMODEL water redistribution 
model. These models were calibrated/trained using data from present, then applied to the mid-Holocene 
scenario (see flowchart in Figure S1 in Supporting Information S1).

TOPMODEL is a water redistribution model predicting the saturated fraction of a catchment or grid-cell 
(Beven & Kirkby, 1979). It combines the mean water table depth of a catchment or grid-cell with higher 
resolution topographic index (TI):

 
 
 
 
 

TI ln
tan

a
� (1)

where upstream drainage area a informs the potential water input to the pixel while local slope tan(β) is 
a proxy of the propensity to discharge water downstream. Therefore, high values of the TI define a high 
potential to saturation (Curie et al., 2007).
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The first approach (TCI) is adapted from the equations proposed by Merot et al.  (2003) to diagnose the 
potential distribution of wetlands. A larger TCI represents a higher possibility to develop wetlands. Here, 
we used two TCI formulations called TCI1 and TCI2, after Hu, Niu, Chen, Li et  al.  (2017) and Tootchi 
et al. (2019), respectively:

   


    
 
 

TCI1 ln TI ln
tan
a P P� (2)

   


     
 
 

TCI2 ln TI ln PET
tan
a Pe P� (3)

where P is the annual precipitation (mm/yr), and Pe is the mean annual effective precipitation (mm/yr), 
defined as the difference between precipitation and potential evapotranspiration (PET). The key parameter 
is the TCI threshold separating wetlands from unsaturated soils for each pixel at 15″. This parameter was 
calibrated under the present climate to match the composite wetland map of Tootchi et al. (2019).

The second approach (RFM) is a non-parametric random forest (RF) ensemble classifier that produces 
classification trees from a training data set (Breiman, 2001; Cutler et al., 2007). RF can well handle high-di-
mensional data and has been widely used for wetland identification (Felton et al., 2019; Xue et al., 2018). In 
this study, RFM was trained to simulate current wetland distribution at 15″ from eight predictors, includ-
ing five climate variables (average temperature, precipitation, solar radiation, wind speed, and water vapor 
pressure), two hydrologic variables (drainage basin and river network), and the topographic variable TI.

The third approach (LSM) is the process-oriented land surface model ORCHIDEE-MICT coupled with the 
TOPMODEL sub-grid hydrological scheme, namely ORCHIDEE-PEAT (Qiu et al., 2019). It incorporates 
the cost-efficient version of TOPMODEL proposed by Stocker et al. (2014) to diagnose the wetland fraction 
(inundated fraction) of each grid-cell from the mean soil moisture simulated by ORCHIDEE-PEAT and the 
high-resolution TI distribution. The parameters of this TOPMODEL-based approach were calibrated for 
each 0.5° grid cell to reproduce the present-day wetland fractions and then the ORCHIDEE-PEAT model 
was forced by mid-Holocene climate fields to simulate mid-Holocene wetland areas. The boundary condi-
tions of the simulation (i.e., soil texture), other than climate forcing and TOPMODEL parameters, are the 
same as Chen et al. (2020).

2.2.  Data Preparation for Models

For present-day, climate data used as input of diagnostic wetland models were downloaded from Global 
Climate Data (WorldClim V2.1), at a spatial resolution of 30″ (∼1 km) (Fick & Hijmans, 2017). Climate 
variables include 2-m air temperature, precipitation, solar radiation, wind speed, and water vapor pressure. 
For the pre-industrial (PI) period, we used climate fields from the six-hourly CRUNCEP V8 gridded climate 
data set at 0.5° spatial resolution during 1901–1910 (Wei et al., 2014).

For mid-Holocene climate, we considered 15 different available ESM simulations (Table S1 in Supporting 
Information S1): 10 mid-Holocene simulations in PMIP4 (Brierley et al., 2020) and 5 individual climate 
simulations from other ESMs (Armstrong et al., 2019; Beyer et al., 2020; Chandan & Peltier, 2020; Hijmans 
et al., 2005; Sun et al., 2019). However, these simulations either significantly underestimated the precipi-
tation or lack other necessary climate variables (Figures S2 and S3 in Supporting Information S1). Thus, 
we firstly selected precipitation data from two climate models, the IPSL-CM6A-LR (Boucher et al., 2020; 
Braconnot et al., 2021) to represent PMIP4 and the EC-Earth (Sun et al., 2019) which produced the strongest 
precipitation over these simulations. After enhancement of precipitation (Figure S4 in Supporting Infor-
mation S1) and bias-correction (O'ishi & Abe-Ouchi, 2013; Wei et al., 2014), four plausible rainfall maps 
(MH1–MH4) were produced to cover the error range from the spread of different ESMs (see flowchart in 
Figure S5 and Text S1 in Supporting Information  S1). Other required climate variables were taken and 
calibrated from the IPSL-CM6A-LR model, assuming that this model could better capture these climate 
variables than rainfall for mid-Holocene Africa (Brierley et al., 2020).

Besides climate variables, topographic and hydrologic variables were used as predictors. The global map of 
TI was developed by Marthews et al. (2015) at 15″. The level 1 drainage basin boundary was collected from 



Geophysical Research Letters

CHEN ET AL.

10.1029/2021GL094194

4 of 11

GRDC (2020), which was converted to gridded basin number for RFM. The present-day global river network 
was obtained from HydroRivers (Lehner & Grill, 2013) at 15″, which is a binary map. For the mid-Holocene, 
we digitized the paleo-hydrological complex of lakes, rivers, and alluvial plains from previous reconstruc-
tions in the North Arica (Drake et al., 2011; Larrasoana et al., 2013) in Qgis software and then converted it 
to 15″ raster data. The present-day wetland map used to train wetland models is one of the 15″ composite 
maps (CW-TCI15) of Tootchi et al. (2019), which combine regularly flooded wetlands through overlapping 
open-water and inundation data sets, and groundwater-driven wetlands.

To evaluate model results against independent field-based reconstructions, mid-Holocene lake status data 
indicated by paleo-records were compiled based on previous studies (Kohfeld & Harrison,  2000; Lézine 
et al., 2014). A total of 297 paleolake records were selected between 8 and 5 ka in North Africa.

3.  Results
3.1.  Performance of the Models to Reproduce Present Wetlands

In the reference binary map (Tootchi et al., 2019), present-day potential wetlands occupy 13.7% of land area 
in North Africa (0°–35°N) (Figure 2a). To evaluate the ability of the TCI and RFM approaches to reproduce 
the reference binary wetland map at a pixel scale of 15″, receiver operating characteristic (ROC) curve 
(Swets, 1988) was calculated (Figures 2g and 2h). The area under the curve (AUC) reflects the accuracy of 
the model.

In the TCI1, the ROC curve gives an AUC value of 0.78, indicating that it is a useful model to reproduce wet-
land distribution (Figure 2g). Total accuracy (ACC), namely the percentage of true positive plus true nega-
tive, is 83% (Table S2 in Supporting Information S1). The TCI1 approach tends to overestimate wetlands in 
dry regions and underestimate wetlands in wet regions (Figure 2b). After including PET in the TCI2, the 
predicted wetland has better agreement with the reference wetland distribution (Figure 2c) and results in 
higher AUC value of 0.82, and ACC value of 84%.

For the RFM1, a random selection of 100,000 pixels (i.e., ∼0.11% of land pixels) over the studied region 
was used as training samples. The model is ranked as useful since AUC is 0.83 and ACC is 88% (Figures 2d 
and 2h; Table S2 in Supporting Information S1). The produced total wetland fraction of 7.3% is underesti-
mated compared with the reference map. For the alternative model RFM2, training samples are replaced 
with 100,000 random pixels between 0° and 15°N where wetlands are denser. The predicted total wetland 
fraction increases to 8.6%.

For the LSM, only reference data between 0° and 10°N were used for calibration, because the lack of wet-
land north of 10°N today makes it difficult to retrieve practical TOPMODEL parameters. The simulated 
wetland fraction at 0.5° resolution is evaluated against the reference map (Figure 2i). Because the LSM 
provides a continuous wetland fraction at coarse resolution (instead of a binary wetland and non-wetland 
classification like other approaches), we used a regression analysis with the observed fraction at 0.5°. The re-
sults show that the correlation coefficient is 0.8 and that the model tends to underestimate wetland fraction. 
For the mid-Holocene simulation, the median value of TOPMODEL parameters over 0–10°N is extrapolated 
to regions north of 10°N.

In general, the TCI2 and RFM1 have the best agreement with the reference map at 15″ (Table S2 in Sup-
porting Information S1). For the six wetland complexes denoted in Figure 2a, the RFM2 has the best perfor-
mance, which reproduces the dense wetlands in South Sudan, Niger River Delta, and Cuvette Centrale (in 
Congo) very well. Only the RFM1 could reproduce the wetlands in the Nile delta. Lake Chad is predicted 
in all TCI and RFM. The coarser resolution LSM could capture dense wetland areas in South Sudan and 
Cuvette Centrale.

3.2.  Reconstructed Wetlands During the Mid-Holocene

The five calibrated models were applied to reconstruct wetlands of North Africa during the mid-Holo-
cene using the four precipitation gridded fields MH1–MH4 (see Section 2). We propose two different met-
rics to evaluate the resulting 20 mid-Holocene wetland maps with the 297 paleolake records (Kohfeld & 
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Harrison, 2000; Lézine et al., 2014) (Figure 3): the Reproducing Efficiency (RE) and the Relative Accuracy 
(RA) (Table S3 in Supporting Information S1). RE is the percentage of the 297 records that are correctly 
represented in a simulated mid-Holocene wetland map within each ∼1.3-km grid-cell divided by simulated 
total wetland fraction. RA describes the ability of a simulation to present a higher wetland fraction around 
the records (i.e., 0.5° grid-box) than average over surrounding regions (i.e., 5° grid-box). Both metrics show 
that the simulated wetlands from RFM2 with MH2 or MH3 climate have the best agreement with the 
paleo-records. Furthermore, all models perform the worst with MH1 among the four precipitation forcings, 
corresponding to the lowest RE and RA values.

In addition to above quantitative evaluation, we also presented a qualitative comparison between the sim-
ulated mid-Holocene wetland fraction at 0.1° and the 297 records (Figure 4a). We found that the higher 
predicted wetland fraction with the RFM2 approach corresponds to denser paleo-hydrological records in 
Sahara (15°–35°N) and only “intermediate-level” and “high-level” lakes are found for simulated wetland 
fractions of 50%–100% (Figure 4a). Thus, we interpret 50%–100% of wetland fraction in our map as corre-
sponding to water bodies like paleolakes and rivers. We confined the timespan to 6.5–5.5 ka and the selected 
number of records decrease from 297 to 182. This shorter timespan has scarce impact on the relationship be-
tween paleo-records and simulated wetlands (Figure S6 in Supporting Information S1). Simulation with the 
TCI2 and LSM approaches could also capture a positive correlation between modeled wetland fractions and 
density of paleo-records (Figure S7 in Supporting Information S1). This relationship seems independent 
from grid-cell resolution within a range of 0.025°–1° (Figure S8 in Supporting Information S1). It suggests 
the overall good performance of TCI2, RFM2, and LSM to classify drylands and wetlands.

Spatial patterns of simulated mid-Holocene wetlands with MH3 climate from the five models are present-
ed in Figure 3, since MH3 is possibly the most plausible rainfall intensity map in our tests (Section 4). As 
the TCI1 only relies on topographic information and precipitation, a larger precipitation in mid-Holocene 
than present-day results in more wetlands in the Sahara. Compared with the TCI1, the TCI2 includes PET 
and therefore predicts less wetland in dry regions. Dense wetlands along lakes between 0° and 20°N (e.g., 
Megalake Chad and West Nubian Paleolake) are simulated in both TCI predictions, however. The LSM 
approach with the MH3 rainfall map clearly differentiates drylands and wetlands and the spatial pattern is 
comparable to paleo-records (Figure 3e; Table S3 in Supporting Information S1). However, the LSM only 
simulates local wetlands from sub-grid water redistribution but not the wetlands recharged by floods or 
rivers, and thus it could not capture many paleolakes in Sahara. The generated map from the RFM2 has 
the best agreement with paleo-records (Figure 3d). Many paleo-hydrological elements are diagnosed, like 
Megalake Chad, West Nubian Paleolake, paleolakes in Morocco and wetlands along many river networks 
(e.g., the Nile, the Niger river, the Senegal River, and the Congo River).

4.  Discussion
The spatial pattern of annual precipitation in the mid-Holocene Sahara is still uncertain (Bartlein et al., 2010; 
Brierley et  al.,  2020; Hopcroft et  al.,  2017; Molnar & Rajagopalan,  2020; Tierney et  al.,  2017). To cover 
the precipitation uncertainty range in the mid-Holocene Sahara, four precipitation levels were tested (Sec-
tion 2.1), leading to 20 mid-Holocene simulations with five wetland diagnostic models (Figures 4c and 4d). 
According to previous precipitation estimates from pollen records and vegetation simulations, ∼400 mm/
yr of annual precipitation is required to sustain grassland and dry shrubland in regions north of 20°N 
(Bartlein et al., 2010; Chen et al., 2020). In addition, simulated mid-Holocene wetlands with MH1 have the 
lowest agreement with the 297 records among the four precipitation forcings (Table S3 in Supporting In-
formation S1). Hence, the MH1 forcing with a mean annual rainfall of 734 mm/yr over North Africa is not 
compatible with these evidences and should be excluded (Figure 1e). The existence and size of the West Nu-
bian Paleolake (18.5°N/25.5°E) in Sudan pointed to an annual precipitation of 500–900 mm/yr (Hoelzmann 
et al., 2000). Quade et al.  (2018) proposed that the Megalake Chad received a rainfall of ∼1,250 mm/yr.  
Consequently, only the MH2 and MH3 forcings are within this range, and MH4 can be excluded because of 
overestimation (Figure 1e). The well-defined Megalake Chad is not modeled as a wetland/lake in TCI and 
RFM with the MH2 rainfall but is correctly reproduced with the wetter MH3 climate (Figure 3 and Figure 
S9 in Supporting Information S1). Therefore, the MH3 forcing with a mean annual rainfall of 1,207 mm/yr 
over North Africa appears to be a more plausible rainfall regime.
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The simulated total wetland fraction in North Arica was compared with previous reconstructions (Fig-
ures 4c and 4d; Table S4 in Supporting Information S1). Previous data set described land-surface condi-
tions in the mid-Holocene North Africa, suggesting that at least 7.4% of the land surface was covered by 
wetlands between 10° and 30°N (Hoelzmann et al., 1998). An updated map (Drake et al., 2011; Larrasoana 
et al., 2013) increased this value and suggested that even open water bodies alone occupied ∼7% and ∼8% 
of land surface over North Africa and north of 10°N, respectively. Our estimates from five wetland mod-
els with the MH2 and MH3 precipitation levels suggest that 18.9 ± 4.0% (mean and standard deviation) 
of the land surface in North Africa was covered by wetlands, which is at least five times the area today 
(2.8%) (Figure 4c). Typically, the result from the RFM2 forced with MH3 rainfall points to 16.5% of wetland 
fraction in North Africa. However, large areas of wetlands and lakes have disappeared because of natural 
climate change during the past 6 kyr (Kropelin et al., 2008) and anthropogenic impact after the industrial 
revolution (Hu, Niu, Chen, Li et al., 2017). According to estimates averaging over all TCI and RFM, climate 
change from mid-Holocene (MH3) to PI period leads to a wetland loss by 7.8% land areas of North Africa 
(Figure 4c). The drop of wetland area was more prominent in regions north of 10°N by 10.4%. Subsequently, 
wetlands north of 10°N decreased from 7.7% in PI period to a present potential value of 6.4% (Figure 4c), 
higher than the observation of 0.8% (Gumbricht et al., 2017) which may neglect very small-scale endorheic 
wetlands and result from direct human modifications.

The status of individual hydrological elements during the mid-Holocene was characterized through the 
study of shoreline sediments, lacustrine deposits, aquatic fossils, satellite images, and topographic data 
(Drake et al., 2011; Kohfeld & Harrison, 2000; Lézine et al., 2011), but the associated rainfall is controversial 
(Engel et al., 2017; Quade et al., 2018). The relationship between wetland fraction and precipitation was 
thus examined in our wetland models. For RFM2, paleolakes in the mid-Holocene Sahara could be sus-
tained only if the annual precipitation is at least 700 mm/yr, corresponding to the 25th percentile of annual 
precipitation for 0.1° grid-cells with a wetland fraction of 50%–100% (Figure 4b). To form a wetland frac-
tion larger than 10% for 0.1° grid-cells, at least 480 mm/yr of precipitation is required, which is consistent 
with the estimate of ∼400 mm/yr from pollen data and vegetation simulations (Bartlein et al., 2010; Chen 
et al., 2020). Previous vegetation reconstructions of the Green Sahara were either at coarse spatial resolu-
tion of 1°–3° through modeling (Hopcroft et al., 2017; Lu et al., 2018; Pausata et al., 2020), or at site scale 
using pollen records. It is possible that vegetation patches were only prevailing along river networks and 

Figure 1.  Mean annual precipitation over North Africa. (a and b) The MH1 and MH2 are derived from IPSL-CM6A-LR mid-Holocene simulation (Boucher 
et al., 2020; Braconnot et al., 2021); (c and d) MH3 and MH4 are based on EC-Earth mid-Holocene simulation (Sun et al., 2019). (e) Latitudinal precipitation 
comparison between previous reconstructions based on pollen data (Bartlein et al., 2010), the West Nubian Paleolake (18.5°N/25.5°E) in Sudan (Hoelzmann 
et al., 2000) and the Megalake Chad situated between 10° and 18°N (Quade et al., 2018). Precipitation during the pre-industrial (PI) period is derived from the 
CRUNCEP V8 gridded climate data set (Wei et al., 2014) during 1901–1910 (Figure S3f in Supporting Information S1).
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near wetlands where soil water was sufficient to support semiarid ecosystems. Therefore, improved rainfall 
estimates for lakes and wetlands could better characterize spatial pattern of vegetation and climate in the 
mid-Holocene Sahara.

This work applied multiple methods to narrow the uncertainties of reconstructed wetland areas for the 
mid-Holocene North Africa. Each model has its advantage and uncertainties. The TCI approach uses the 
least predictors and has efficient performance in regions where wetland development is determined by pre-
cipitation and topography information. However, it is difficult to improve this approach constrained by the 
TCI definitions and equations. The RFM approach is purely diagnostic but flexible and could include more 
relevant predictors depending on available data. In addition, the RFM can rank the relative importance of 
predictor variables. It produced the most plausible result in this work, possibly because it was trained with 
many calibrated data at high spatial resolution. The LSM approach considers more boundary conditions 
and accounts for physical processes but currently the lack of available paleo-data for improving the LSM 
limits its performance compared to purely diagnostic models, for example, paleoclimate data and vegetation 
types and parameters (rooting depth) should ameliorate the simulation of the mean water table over large 
grid cells with LSMs. Thus, process-based LSMs may have more potential in future work. Future attempts 
to reduce uncertainties of the result may consider factors like soil texture and use a more realistic climate 
forcing besides rainfall.

Figure 2.  Performance of the five wetland models. (a) Present reference wetland map from Tootchi et al. (2019), upscaled from 15″ to 0.1°. The dashed 
rectangle demotes the six dense wetland complexes: C1-Nile Delta, C2-Middle Niger River Basin, C3-Lake Chad, C4-South Sudan, C5-Niger River Delta, and 
C6-Cuvette Centrale. (b–f) The reproduced present wetlands from models and (g)–(i) the comparison with reference map.

①

② ③

④

⑤
⑥
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5.  Conclusion
In this study, we present reconstructions of wetland distribution in the mid-Holocene North Africa us-
ing five calibrated wetland models and four precipitation levels. Results show that TCI2 and RFM1 have 
the best ability to reproduce present wetlands while simulations from RFM2 are in better agreement with 
paleo-hydrological records. Therefore, the result from RFM2 under MH3 climate might be the most realis-
tic wetland map for the mid-Holocene North Africa. Our simulation indicates that, at least 480 mm/yr of 
mid-Holocene annual precipitation is required to sustain a wetland fraction larger than 10% at 0.1° grid-cell 

Figure 3.  Reconstructed wetlands and paleo-hydrological records over mid-Holocene North Africa. (a–e) Mid-Holocene wetland fraction from the five wetland 
models with MH3. (f) Paleo-hydrological elements revised from Drake et al. (2011) and Larrasoana et al. (2013). Colored dots in each panel denote the 297 
paleolake records during 8–5 ka from Kohfeld and Harrison (2000) and Lézine et al. (2014).
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scale over the Sahara (15°–35°N). During the mid-Holocene, 18.9 ± 4.0% of land surface in North Africa 
was covered by wetlands. From the mid-Holocene to PI period, wetland areas decreased by 7.8% of North 
African land surface. Our newly developed reconstructions provide a basis to include wetland feedbacks on 
vegetation and climate with further land surface and climate modeling.

Data Availability Statement
The produced wetland maps from the 20 mid-Holocene simulations are available at Mendeley Data (http://
dx.doi.org/10.17632/8vfhhv8s2f.1). The authors appreciate Anne-Marie Lézine and Juan C. Larrasoana for 
sharing the compiled data of paleo-hydrological elements and paleolake status during the mid-Holocene.

Figure 4.  Simulated wetland fraction for different climate scenarios and relationships with precipitation and paleo-records. (a) Density of paleolake records 
(Kohfeld & Harrison, 2000; Lézine et al., 2014) as a function of reconstructed wetland fraction intervals from RFM2 simulation with MH3 (Figure 3d). (b) 
Relationship between precipitation and produced wetland fractions in Sahara from RFM2 simulation with MH3; Lower and upper edges of blue box and red 
lines indicate 25th and 75th percentiles and median of precipitation, respectively. Other models are shown in Figures S7 in Supporting Information S1. (c and 
d) Total wetland fraction from mid-Holocene (MH) and pre-industrial (PI) period to present; the present potential wetland fraction is derived from Tootchi 
et al. (2019) (Figure 2a); the present observed wetland fraction is estimated based on Gumbricht et al. (2017); the total lake fraction is calculated based on 
Figure 3f.

http://dx.doi.org/10.17632/8vfhhv8s2f.1
http://dx.doi.org/10.17632/8vfhhv8s2f.1
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