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Abstract

This study presents an overview of the Late Cenozoic evolution of the West African Monsoon (WAM), and the associated changes

in atmospheric dynamics and oxygen isotopic composition of precipitation (δ18Op). This evolution is established by using the

high-resolution isotope-enabled GCM ECHAM5-wiso to simulate the climatic responses to paleoenvironmental changes during

the Mid-Holocene (MH), Last Glacial Maximum (LGM), and Mid-Pliocene (MP). The simulated responses are compared to a

set of GCM outputs from Paleoclimate Model Intercomparison Project phase 4 (PMIP4) to assess the added value of a high

resolution and model consistency across different time periods. Results show WAM magnitudes and pattern changes that are

consistent with PMIP4 models and proxy reconstructions. ECHAM5-wiso estimates the highest WAM intensification in the MH,

with a precipitation increase of up to 150 mm/month reaching 25°N during the monsoon season. The WAM intensification in

the MP estimated by ECHAM5-wiso (up to 80 mm/month) aligns with the mid-range of the PMIP4 estimates, while the LGM

dryness magnitude matches most of the models. Despite an enhanced hydrological cycle in MP, MH simulations indicate a ˜50%

precipitation increase and a greater northward extent of WAM than the MP simulations. Strengthened conditions of the WAM in

the MH and MP result from a pronounced meridional temperature gradient driving low-level westerly, Sahel-Sahara vegetation

expansion, and a northward shift of the Africa Easterly Jet. The simulated δ18Op values patterns and their relationship with

temperature and precipitation are non-stationarity over time, emphasising the implications of assuming stationarity in proxy

reconstruction transfer functions.
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Key Points: 14 

• We simulate the Late Cenozoic evolution of the West African Monsoon and the isotopic 15 

composition of rainwater. 16 

• Using a high-resolution model setup and realistic vegetation cover increases the intensity 17 

of the West African Monsoon in the Mid-Holocene.  18 

• Strengthened conditions of the West African Monsoon in the Mid-Holocene and Mid-19 

Pliocene result from the pronounced meridional temperature gradient 20 

• The relationship between precipitation and the simulated isotopes is non-stationary in 21 

time, which complicates proxy climate reconstructions. 22 
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Abstract 25 

This study presents an overview of the Late Cenozoic evolution of the West African Monsoon 26 

(WAM), and the associated changes in atmospheric dynamics and oxygen isotopic composition 27 

of precipitation (δ18Op). This evolution is established by using the high-resolution isotope-28 

enabled GCM ECHAM5-wiso to simulate the climatic responses to paleoenvironmental changes 29 

during the Mid-Holocene (MH), Last Glacial Maximum (LGM), and Mid-Pliocene (MP). The 30 

simulated responses are compared to a set of GCM outputs from Paleoclimate Model 31 

Intercomparison Project phase 4 (PMIP4) to assess the added value of a high resolution and 32 

model consistency across different time periods. Results show WAM magnitudes and pattern 33 

changes that are consistent with PMIP4 models and proxy reconstructions. ECHAM5-wiso 34 

estimates the highest WAM intensification in the MH, with a precipitation increase of up to 150 35 

mm/month reaching 25°N during the monsoon season. The WAM intensification in the MP 36 

estimated by ECHAM5-wiso (up to 80 mm/month) aligns with the mid-range of the PMIP4 37 

estimates, while the LGM dryness magnitude matches most of the models. Despite an enhanced 38 

hydrological cycle in MP, MH simulations indicate a ~50% precipitation increase and a greater 39 

northward extent of WAM than the MP simulations. Strengthened conditions of the WAM in the 40 

MH and MP result from a pronounced meridional temperature gradient driving low-level 41 

westerly, Sahel-Sahara vegetation expansion, and a northward shift of the Africa Easterly Jet. 42 

The simulated δ18Op values patterns and their relationship with temperature and precipitation are 43 

non-stationarity over time, emphasising the implications of assuming stationarity in proxy 44 

reconstruction transfer functions.  45 

Plain Language Summary 46 

We use a global climate model to simulate how the West African Monsoon and related climate 47 

elements changed over the Late Cenozoic (from ca. 3 million years ago to now). We use a single, 48 

high-resolution model to calculate these changes for the Mid-Holocene, Last Glacial Maximum 49 

and Mid-Pliocene time periods. We then compare our results to already existing simulations to 50 

find out if there are any benefits to using a single, high-resolution model set-up. Overall, our 51 

simulations are similar to previous simulations and other climate reconstructions. However, our 52 

results also yield two important new findings: 1) our simulations reproduce some aspects of the 53 

monsoon better than previous simulations; 2) the chemical composition of rainwater, which is 54 

used by geologists to reconstruct climate, is impacted by more factors than previously assumed. 55 

This makes it more challenging to create reliable reconstructions of climate from geological 56 

records of rainwater composition. 57 

1 Introduction 58 

Understanding the complex climate dynamics and variability over West Africa has been a 59 

pertinent concern due to its strong environmental and socio-economic impacts. This is especially 60 

important since most West African countries rely on a rainfed agriculture economy (Sultan et al., 61 

2005). Most importantly, the long-lasting multidecadal wet and dry periods during the 20th 62 

century emphasise the need to understand the long-term and future variability of the West 63 

African Monsoon (WAM) system. This requires knowledge about the response of the WAM 64 

dynamics to changes in internal feedbacks and external forcings, such as orbital parameters, 65 

atmospheric greenhouse gases, and vegetation distribution.  Considering past climate change 66 

outside the recent observational period can provide valuable insights into that. More specifically, 67 

time periods with atmospheric CO2 concentrations (pCO2) and palaeogeography similar to the 68 
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present day can serve as analogue for a possible future climate in which all forcings have had 69 

their full effect. This would require looking back 3 million years in Earth’s history (Burke et al., 70 

2018). Therefore, this study focuses on a model-based exploration of the evolution of the WAM 71 

from the Mid-Pliocene (MP: ~3 Ma) to the present-day, considering the Last Glacial Maximum 72 

(LGM: ~21 ka), and Mid-Holocene (MH: ~6 ka) as important intermediate time steps. 73 

Due to the complicated dynamics and teleconnections of the WAM, state-of-art General 74 

Circulation Models (GCMs) still fall short in accurately reproducing its past variability and 75 

providing consistent future projections (Biasutti, 2013; Pausata et al., 2016; Tierney et al., 2017). 76 

Improving the representation of the WAM system in climate models requires knowledge about 77 

its sensitivity to various global and regional paleoenvironment forcings and feedbacks. This 78 

knowledge can help identify the elements that need improvement in GCMs to ensure more 79 

reliable predictions of the WAM in the future. For instance, the response of the WAM dynamics 80 

to orbitally driven seasonal and latitudinal distribution of incoming solar radiation can be 81 

evaluated under MH conditions (Joussaume et al., 1999; Kutzbach & Liu, 1997). The LGM 82 

provides an opportunity to study the response of the WAM to the most recent global cold 83 

extreme, characterised by extensive ice sheet coverage and low pCO2 concentrations (e.g., 84 

Bereiter et al., 2015). The long-term sensitivity of the WAM to pCO2 concentrations similar to 85 

the present, along with a less arid Sahara and a globally enhanced hydrological cycle, can also be 86 

assessed under MP paleoenvironment conditions (Corvec & Fletcher, 2017; H. Dowsett et al., 87 

2010; Alan M. Haywood et al., 2020; U. Salzmann et al., 2008). 88 

Despite the challenges in replicating the entirety of past climate changes with GCMs 89 

under appropriate paleoenvironmental conditions (Pascale Braconnot et al., 2012; Harrison et al., 90 

2015), comparing the simulated responses from different climate models would shed more light 91 

on the inadequate representation of feedbacks and model biases that can be improved for future 92 

climate predictions (e.g., Zheng & Braconnot, 2013). Furthermore, such inter-model comparison 93 

across multiple past climates would help determine if the systematic model biases affect the 94 

overall strength of the responses and feedbacks in the different climates and help evaluate if such 95 

biases are GCM-specific or exist independently of the GCM that is used. 96 

Numerous modelling studies have simulated the precipitation changes associated with the 97 

WAM in response to multiple forcings and climate states during the Late Cenozoic (e.g., Berntell 98 

et al., 2021; Weldeab et al., 2011; Zheng & Braconnot, 2013). However, the differences between 99 

the simulations, such as spatial resolution, boundary conditions, and the complexity of the GCM, 100 

make it difficult to identify the predominant atmospheric dynamics behind the WAM 101 

precipitation changes. For instance, model-dependent uncertainties of the individual GCMs that 102 

simulated these climates in previous studies may not fully capture certain components of the 103 

WAM system, which can amplify the systematic biases related to the sensitivity to various 104 

forcings or external perturbations across different climates. Moreover, GCMs with varied spatial 105 

resolutions and parameterisations of clouds, atmospheric dynamics, hydrological cycles, and 106 

atmosphere-land surface interactions would simulate distinct responses of the WAM to different 107 

forcings, leading to inconsistent patterns of WAM dynamics. Aside from these, only a few 108 

studies have comprehensively delved into atmospheric dynamics and teleconnections behind the 109 

changes in precipitation patterns and magnitudes under different paleoenvironmental conditions 110 

throughout the Late Cenozoic (e.g., Bosmans et al., 2012; Gaetani et al., 2017; Patricola & Cook, 111 

2007; Su & Neelin, 2005). Furthermore, previous studies have highlighted that monsoons and 112 

related circulations, such as the Inter Tropical Convergence Zone (ITCZ), are better resolved at 113 
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higher resolutions, including improved topographical representation and model parameterisation 114 

(Bosmans et al., 2012; Gao et al., 2006; Jungandreas et al., 2021). This study addresses the 115 

points above by providing details about the WAM atmospheric dynamics across these past 116 

climates using a consistent modelling framework with a high-resolution isotope-enabled GCM. 117 

Geological archives can record information about various paleoenvironmental changes in 118 

the climate system over time. They can therefore be used for model-data comparisons and as a 119 

benchmark for climate models (Pascale Braconnot et al., 2012; I. Harris et al., 2014; Harrison et 120 

al., 2015). However, the scarcity of palaeohydrological records over Africa and the spatial 121 

resolution of climate models preclude the robust model-data comparison necessary for improving 122 

climate models (e.g., Salzmann et al., 2008, 2013). Several problems for data-model persist in 123 

this region.  For instance, proxy-based reconstructions using pollen, past lake levels, leaf wax 124 

isotopes, and other records have suggested significantly wetter conditions across the Sahel and 125 

Sahara during the MH (e.g., Bartlein et al., 2011; Tierney et al., 2017). However, most climate 126 

models struggle to replicate the extent and magnitude of precipitation changes indicated by these 127 

proxy records despite accounting for factors like increased insolation, altered land surface 128 

condition (e.g., vegetation, lakes, orography, soil moisture), reduced dust emissions, 129 

atmospheric-ocean interactions, and atmospheric dynamics (P. deMenocal et al., 2000; Harrison 130 

et al., 2014; Hopcroft & Valdes, 2019; Pausata et al., 2016; Tierney et al., 2017). 131 

While proxy records point to varying increases in precipitation levels over North Africa's 132 

higher latitudes, climate models estimate a more moderate WAM intensification, 133 

underestimating both the northward extent and magnitude of precipitation increase suggested by 134 

the proxies. If the proxy data is a well-collected, representative sample, there are two possible 135 

model-related reasons for this mismatch: (1) The climate models simply do not capture the 136 

atmospheric processes in the region well enough to accurately model said hydroclimate changes. 137 

(2) Proxy system models, which allow the conversion of the proxy signal to a paleoclimate 138 

signal, are flawed. Proxy system models rely on calibrations based on modern-day observations, 139 

such as the spatial correlation between water isotopes and precipitation. These are used to 140 

establish a transfer function that allows a proxy-to-climate signal conversion. This signal 141 

transformation assumes that the transfer functions are stationary in time, i.e. that modern 142 

correlations are equally valid for past climates. This study uses an isotope-enabled GCM to 143 

decipher atmospheric dynamics driving WAM changes and to explore their impacts on water 144 

isotopologues under various past global changes. This allows for the testing of this assumption of 145 

the stationarity of the transfer function. Furthermore, such an analysis facilitates a direct model-146 

isotope proxy comparison and contributes to understanding the general causal mechanisms 147 

behind the variability in different proxy materials (Bühler et al., 2022; Phipps et al., 2013; Risi et 148 

al., 2012; Werner et al., 2000). 149 

This study provides the first overview of the changes of the WAM and its associated 150 

atmospheric dynamics in response to multiple forcings and feedbacks during the Late Cenozoic, 151 

using the high-resolution isotope-enabled GCM ECHAM5-wiso. More specifically, the study 152 

addresses the following specific objectives: (1) systematically simulating the responses of the 153 

WAM patterns and magnitude to the various paleoenvironment conditions, including changes in 154 

vegetation, orbital forcings, ice sheet extent, and atmospheric CO2 concentrations; (2) 155 

investigating the atmospheric dynamics driving the simulated WAM changes, such as moisture 156 

transport (e.g., low-level southwesterlies), Africa Easterly Jet (AEJ), Tropical Easterly Jet (TEJ), 157 

Sahara Heat Low (SHL) and surface heat fluxes; and (3) exploring the simulated δ18Op values 158 
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and how they are influenced by near-surface temperature and precipitation in response to the 159 

different boundary conditions. We further compare the simulated changes of the WAM to some 160 

of the state-of-the-art models that participated in the Paleoclimate Model Intercomparison 161 

Project (PMIP4) phase 4 to evaluate the added values of using a consistent, high-resolution 162 

modelling framework to understand the complex climate system over West Africa and improve 163 

its representation in Earth system models. 164 

2 Background 165 

2.1 On the intensification and northward extent of the West African Monsoon during the 166 

Mid-Holocene 167 

During the early-to-middle Holocene, spanning from 11,000 to 5,000 years before the 168 

present, the arid landscapes of the Sahel and Sahara regions transformed into shrubs, grasslands, 169 

and water bodies like rivers and lakes (Armitage et al., 2015; Claussen et al., 1999; P. deMenocal 170 

et al., 2000; Holmes, 2008; Kohfeld & Harrison, 2000). The development of this “Green Sahara” 171 

was attributed to changes in the insolation cycle, which intensified the equator-to-pole gradient 172 

and land-sea thermal contrasts and ultimately lead to an increase in rainfall across the Sahel-173 

Sahra. The associated pressure gradient facilitated the moisture transport from the equatorial 174 

Atlantic into the continent. Overall, the changes in the orbital cycles and expansion of vegetation 175 

across the Sahel-Sahara caused the strengthening of the WAM and its northward extent (Gaetani 176 

et al., 2017; Patricola & Cook, 2007). This WAM intensification and northward migration have 177 

been reflected in many proxy systems such as paleo-lake levels (Hoelzmann et al., 1998; Prentice 178 

et al., 2000), leaf wax, and aeolian deposits in sedimentary cores from the Eastern Atlantic (P. 179 

deMenocal et al., 2000; Tierney et al., 2017) and archaeological findings that indicate human 180 

habitation (Cremaschi & Di Lernia, 1999; Dunne et al., 2012; Gabriel, 1987; Hoelzmann et al., 181 

2001; Manning & Timpson, 2014; Sereno et al., 2008). However, state-of-art climate models still 182 

struggle to replicate the level of intensification and the northward reach as suggested by the 183 

different proxies, even when appropriate boundary conditions are prescribed (P. deMenocal et 184 

al., 2000; Harrison et al., 2014; Hopcroft & Valdes, 2019; Kutzbach & Liu, 1997; Pausata et al., 185 

2016; Tierney et al., 2017). For instance, MH simulations in PMIP3-CMIP5 experiments 186 

estimate a precipitation increase of ~ 400 mm/year over West Africa, with a northward shift that 187 

is underestimated by 20°N when compared to proxy reconstructions (Perez-Sanz et al., 2014). 188 

Thompson et al. (2021) utilised a water isotope-enabled Earth system model (iCESM1) that 189 

exhibited enhanced MH precipitation compared to PI conditions, and a northernmost WAM shift 190 

of approximately 24°N, which aligns with reconstructions from pollen and dust records (23-191 

28°N). Most of these models, however, lack vegetation feedback or appropriate prescribed MH 192 

vegetation reconstruction, which is crucial for sustaining the WAM's northward extension 193 

through vegetation-precipitation feedback (Otto-Bliesner et al., 2017; Pausata et al., 2016; 194 

Tierney et al., 2017). Rachmayani et al. (2015) demonstrated that using dynamic vegetation-195 

coupled GCMs enhances the orbitally-induced precipitation increase by 20% over West Africa 196 

compared to fixed vegetation GCMs. 197 

Recent studies have also highlighted that accounting for dust feedbacks related to the 198 

Green Sahara during the MH can further intensify and expand the WAM, aligning it more with 199 

proxy reconstructions (e.g., Egerer et al., 2018; Hopcroft & Valdes, 2019; Pausata et al., 2016; 200 

Thompson et al., 2019). These findings indicate that the discrepancies between the model and 201 

proxy reconstructions are due to the inadequate representation of certain atmospheric physics, 202 
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such as inaccurate cloud representation, energy fluxes, subgrid-scale convection, and surface 203 

conditions in the GCMs. Moreover, the coarse spatial resolution of GCMs fails to capture meso-204 

to-local-scale processes like mesoscale convective systems (e.g., Baidu et al., 2022; Crook et al., 205 

2019; Marsham et al., 2013), potentially contributing to further biases. Thus, understanding the 206 

mechanics and dynamics underlying vegetation feedback and natural variability in insolation 207 

cycles driving the WAM's northward migration during the MH is crucial for evaluating GCM 208 

performance in future projections. While these forcing mechanisms are not linked to 209 

anthropogenic emissions, evaluating and improving the GCMs’ representation of climate system 210 

dynamics and feedbacks is vital for future climate change projections. 211 

2.2 Large-scale feature of the Last Glacial Maximum and its influence on the West 212 

African Monsoon 213 

The LGM (~21,000 years BP) is a time period that is suitable for assessing the 214 

capabilities of state-of-the-art models due to its starkly different conditions from the present, 215 

such as lower atmospheric CO2 levels (~185 ppm) and eustatic sea levels (~115 to 130 m below 216 

present) (Lambeck et al., 2014; Peltier & Fairbanks, 2006). The extensive continental ice sheets 217 

led to significant perturbations in atmospheric radiative forcing and circulation patterns, 218 

contributing to alterations in precipitation and temperature that were generally drier and colder 219 

than pre-industrial conditions (Clark et al., 2009; D’Agostino et al., 2019, 2020). Since the LGM, 220 

the Earth's global mean temperature has risen by approximately 4 to 6 °C (Annan & Hargreaves, 221 

2013, 2015; Friedrich et al., 2016), which is of the same order of magnitude increase projected 222 

under moderate to high emission scenarios for near-future climate change. Due to this similarity 223 

in global forcing and temperature response from the LGM to the present, and the present to the 224 

near future, the LGM is a relevant period to examine (e.g., Brady et al., 2013; Yoshimori et al., 225 

2009). Furthermore, the interactions between temperature-driven and circulation-driven regional 226 

precipitation patterns in response to LGM conditions would help evaluate the ability of climate 227 

models to project precipitation under future scenarios, where both thermodynamic and dynamic 228 

phenomena contribute to changes in the magnitude and seasonality of precipitation patterns (e.g., 229 

Boos, 2012; Lora, 2018; Scheff & Frierson, 2012). 230 

Prior studies have indicated a high sensitivity of Africa’s climate to rapid recurring ice 231 

sheet instabilities during the last glacial period (Adegbie et al., 2003; Stager et al., 2002, 2011; 232 

Weldeab et al., 2011). For example, the cold air temperatures over Greenland (Dansgaard-233 

Oeschger stadials) and the influx of meltwater into the North Atlantic during Heinrich events 234 

correlated with the rapid decline in precipitation across much of Africa (Blunier & Brook, 2001; 235 

Dansgaard et al., 1993; McManus et al., 2004). Previous modelling studies of PMIP phases 1 to 236 

4 indicated weakened atmospheric circulation and associated decreased precipitation over West 237 

Africa (Kageyama et al., 2021). However, a good understanding of the dynamics leading to the 238 

dryness across the WAM region is still lacking.  239 

Pollen-based reconstructions across the WAM and nearby offshore regions generally 240 

depict colder and drier conditions than the present (Bartlein et al., 2011). Although fully coupled 241 

atmosphere-ocean models can reasonably reproduce large-scale features of the LGM, several 242 

challenges remain with regard to the reconstruction of LGM topography and the assessment of 243 

inter-model biases for various climate feedbacks (Kageyama et al., 2021; Werner et al., 2018). 244 

Additionally, the spatial resolution of simulations has been identified as a crucial factor for the 245 

inter-model variabilities in LGM simulations, primarily due to the representation of ice sheet 246 
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topography (Kim et al., 2008; Shi et al., 2020). Overall, the complexity and diverse 247 

paleoenvironment of LGM conditions offers the opportunity to decipher the relative 248 

contributions of individual climate factors that influence precipitation changes across West 249 

Africa. 250 

2.3 Changes of the WAM in the Mid-Pliocene  251 

The MP (~3 Ma) is an important warm period for understanding the atmospheric 252 

dynamics of near-future climate change, because the Earth's geography was similar to the present 253 

and pCO2 approached present-day values (~400 ppm) (Badger et al., 2013; Bartoli et al., 2011; 254 

Harry Dowsett et al., 2016; Alan M. Haywood et al., 2020; Ulrich Salzmann et al., 2013; de la 255 

Vega et al., 2020). Additionally, the MP provides useful insights into climate feedbacks through 256 

the impact of the carbon cycle on geological times and is often considered an analogue for a 257 

near-future climate (Burke et al., 2018; Jiang et al., 2005). Climate models that participated in 258 

the PlioMIP (Pliocene Modelling Intercomparison Project) phases 1 and 2 indicate an increase of 259 

1.4 to 4.7 °C in global mean near-surface anomalies above the pre-industrial levels, along with 260 

an enhanced hydrological cycle and strengthened global monsoons (Haywood et al., 2013, 2020; 261 

Zhang et al., 2016).  262 

Proxy reconstructions suggest warm and humid conditions, and fewer deserts during the 263 

MP. Boreal forests and grasslands expanded into high northern latitude regions that are currently 264 

covered by tundra (Salzmann et al., 2008). Dust records along the coast of West Africa indicate a 265 

strengthened WAM and wetter conditions over the Sahara (Kuechler et al., 2018; Salzmann et 266 

al., 2008). Palynological records also suggest an expansion of vegetation over the WAM region, 267 

with high tree cover density and widespread woodland and savanna over the Sahara (Bonnefille, 268 

2010; Salzmann et al., 2008).  269 

Although previous modelling studies indicated that high-latitude warming could lead to a 270 

decreased meridional temperature gradient and a weakened tropical circulation, the warming 271 

experienced in the Sahara region, along with the corresponding Sahara heat low, actually caused 272 

an increased influx of moisture from the tropical Atlantic Ocean, strengthening WAM (Corvec & 273 

Fletcher, 2017; Alan M. Haywood et al., 2020). More specifically, the PlioMIP2 models estimate 274 

an increase in precipitation anomalies in the range of 60-120 mm/month (Berntell et al., 2021), 275 

compared to a lesser increase of 30-60 mm/month from the PlioMIP1 (Ran Zhang et al., 2016). 276 

Even though similar magnitude of changes are predicted for the future, models are still limited in 277 

capturing rainfall variability over West Africa, and future projections of it are referenced with 278 

less confidence (Biasutti, 2013; Cook, 2008; Roehrig et al., 2013). Further work and model 279 

development is needed to understand climate feedback over West Africa under high atmospheric 280 

CO2 conditions. 281 

2.4 Stable oxygen isotopic signal as proxy for reconstructing the West African Monsoon 282 

Stable water isotopes serve as integrated tracers for diverse climate processes, and reflect 283 

changes in the water cycle (Craig & Gordon, 1965; Dansgaard et al., 1993). Consequently, they 284 

have been extensively used to investigate historical climate changes and characterise the current 285 

hydrological cycle. Reconstructions of the water cycle from proxy materials typically rely on 286 

modern calibrations. The modern spatial correlation between water isotopes and climate 287 

variables, such as precipitation amount or surface temperature, is used as a transfer function for 288 

reconstructing past climatic variations from proxies. For example, the oxygen isotopic 289 
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composition of precipitation (δ18Op) reconstructed from calcite in speleothems from (sub)tropical 290 

regions is interpreted to reflect past monsoon dynamics due to its relationship with precipitation 291 

amount, commonly known as the "amount effect" (e.g., Wang et al., 2001). However, these 292 

paleoclimate reconstructions from isotopic archives are compromised by changes in the transfer 293 

functions due to various non-linear climatic processes influencing the spatiotemporal variability 294 

of water isotopes, such as evaporative recycling, moisture transport pathways, source variation, 295 

vapour mixing, and precipitation dynamics (Bony et al., 2008; Risi et al., 2008, 2013). Hence, 296 

GCMs with explicit diagnostics of stable water isotopes can contribute to understanding their 297 

controlling mechanisms under different climatic conditions to ensure accurate paleoclimate 298 

reconstructions. Additionally, modelling the spatial representation of water isotopes in response 299 

to distinct past climate states aids in identifying potential non-stationarities in their relationships 300 

with climate elements like monsoon characteristics or precipitation amounts. While previous 301 

studies have employed water isotopes to understand present precipitation seasonality in West 302 

Africa (e.g., Risi et al., 2010) and even during the MH (Shi et al., 2023; Thompson et al., 2021), 303 

none have explored δ18Op changes in response to Late Cenozoic paleoenvironmental conditions 304 

or assessed how water isotopes correspond to the spatial variability of precipitation and 305 

temperature during the WAM season. 306 

 307 

 308 

3 Data and Methods 309 

3.1 ECHAM5-wiso General Circulation Model 310 

Global climate changes in response to late Cenozoic paleoenvironmental conditions (i.e., 311 

PI, MH, LGM, and MP) and present-day (PD) conditions were simulated using the isotope-312 

tracking climate model ECHAM5-wiso. ECHAM5 is the fifth generation of the well-established 313 

atmospheric general circulation model developed by the Max Planck Institute for Meteorology 314 

(Roeckner et al., 2003). It is based on the spectral forecast model of the European Centre of 315 

Medium Range Weather Forecast (ECMWF) (Simmons et al., 1989) and represents the climate 316 

system with prognostic equations and parameterisations. Compared to its previous version, the 317 

fifth version has improved the representation of land surfaces, shortwave radiation, cumulus 318 

convection, and other factors relevant to atmospheric dynamics across the monsoon region. 319 

Specifically, the model employs an implicit scheme for the coupling of land surfaces and the 320 

atmosphere, enabling synchronous calculation of surface fluxes due to unconditional stability 321 

(Roeckner et al., 2003). It also employs land surface parameters that effectively portray the 322 

global distribution of major ecosystem types (Hagemann, 2002). Furthermore, the model 323 

simulates clouds using prognostic equations for all water phases (vapour, liquid, and solid), bulk 324 

microphysics, and statistical cloud cover parameterisation (U. Lohmann & Roeckner, 1996; 325 

Tompkins, 2002). The version employed in this study has been expanded to include isotope 326 

tracking capabilities, enabling the simulation of the water’s isotopic composition as part of the 327 

hydrological cycle (Werner et al., 2011). The incorporated water isotopologues (i.e., H2
16O, 328 

H2
18O, and HDO) function as independent tracers that undergo both kinetic and equilibrium 329 

fractionation during phase transitions in the atmosphere. It has been demonstrated that the model 330 

adequately represents the global hydrological cycle and stable isotopic composition (Hagemann 331 

et al., 2006; Werner et al., 2011). In this study, we compare the model's present-day simulations 332 
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with observed and reanalysis precipitation and near-surface temperature datasets across West 333 

Africa to assess its capability in representing WAM patterns and their seasonality. 334 

3.2 Model Experiments and Boundary Conditions 335 

Previous simulations of Late Cenozoic climate were conducted with different models and 336 

model setups. Varied parameterisation schemes, spatial resolution, and prescribed boundary 337 

conditions complicate the comparison of the regional climates across the considered time 338 

periods. We therefore conducted (paleo)climate simulations for PD, PI, MH, LGM, and MP 339 

boundary conditions using only ECHAM5-wiso, while maintaining the same spatial resolution. 340 

All climate simulation experiments were performed using a high T159 spectral resolution (~80 x 341 

80 km around the equator) and 31 vertical levels up to 10 hPa. The model uses prescribed sea 342 

surface temperature (SST) as the interface between the ocean and atmosphere and, therefore, 343 

requires less time to reach dynamic equilibrium than fully coupled atmosphere-ocean models. 344 

However, the prescribed SSTs disregard oceanic decadal variability, making the simulated 345 

response inevitably biased by the specific SST reconstructions used. The paleoclimate 346 

experiments were run for 18 years with a 6-hour model output and only considered the last 15 347 

years for the analysis. The first 3 years of the model serve as the spin-up period, which is the 348 

time required for the model to reach dynamic equilibrium. Given the study’s aim to understand 349 

the WAM response to the diverse paleoenvironmental conditions, the different experimental set-350 

ups accounting for variations in orbital parameters, greenhouse gases concentration, SSTs, sea 351 

ice concentrations (SICs), and land surface cover (e.g., ice sheet and vegetation) were devised for 352 

the different climates. The prescribed boundary conditions for the experiments are similar to the 353 

Late Cenozoic simulations presented by Mutz et al. (2018) and Botsyun et al. (2022). We build 354 

on those by simulating and analysing the isotopic compositions for all paleoclimates.  355 

To validate the model's ability to represent WAM dynamics, we compared the present-356 

day (PD) simulation conducted by Boateng et al. (2023) with observed and reanalysis 357 

precipitation and near-surface temperature datasets. The PD simulation setup follows the 358 

Atmospheric Model Intercomparison Project (AMIP) protocol, using prescribed annual means of 359 

SST and SIC from 1979 to 2014. The pre-industrial simulation (the reference year 1850) was 360 

also obtained from Boateng et al. (2023). The model was simulated with prescribed SST and SIC 361 

from a transient coupled ocean-atmosphere model (Lorenz & Lohmann, 2004). It used an 362 

atmospheric CO2 concentration of 280 ppm in accordance with Dietrich et al. (2013), which was 363 

derived from the ice-core record (Etheridge et al., 1996, 1998). Land surface parameters were 364 

taken from Hagemann (2002). The initial isotopic composition of the atmosphere was adopted 365 

from global gridded data of 18O composition of seawater provided by LeGrande & Schmidt 366 

(2006). In this study, the climate change signals are defined as deviations from the PI estimates. 367 

Therefore, all reported anomalies (e.g., MH-PI) throughout the paper, described as either 368 

"increases" or "decreases", use the simulated PI values as a reference. We also represent the 369 

H2
18O composition using the δ-notation and calculate it as precipitation-weighted means using 370 

the Vienna Standard Mean Ocean Water (V-SNOW). 371 

The SST and SIC boundary conditions prescribed for the MH experiments were derived 372 

from transient MH simulation of a low-resolution ocean-atmosphere coupled model (Etheridge et 373 

al., 1996, 1998)(G. Lohmann et al., 2013; Wei & Lohmann, 2012). The GHG concentrations 374 

(e.g., CO2 of 280 ppm) are based on ice-core reconstructions (Etheridge et al., 1996, 1998), and 375 

the orbital forcing parameters are taken from Dietrich et al. (2013). On the other hand, the LGM 376 
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simulation was forced with sea surface variables from reconstructions for the Atlantic, Pacific, 377 

and Indian oceans based on the GLAMAP (Sarnthein et al., 2003) and CLIMAP (1981) projects. 378 

Moreover, the GHG concentrations (CO2 of 185 ppm) and orbital parameters follow Otto-379 

Bliesner et al. (2006). The palaeogeography and ice sheet extent and thickness are based on the 380 

PMIP3 experimental protocol (Abe-Ouchi et al., 2015). The vegetation distribution maps for 381 

both the LGM and MH are based on the reconstruction of plant functional types from BIOME 382 

6000 of the paleovegetation mapping project (Bigelow et al., 2003; Harrison et al., 2001; Pickett 383 

et al., 2004; Prentice et al., 2000). The MP paleoenvironment conditions prescribed in the 384 

ECHAM5 model were based on the Pliocene Research, Interpretation, and Synoptic Mapping 385 

(PRISM) project (Dowsett et al., 2010; Haywood et al., 2016). More specifically, GHG 386 

concentration (e.g., CO2 of 405 ppm), orbital parameters, land surface variables (e.g., 387 

topography, ice cover, and land-sea mask), and sea surface variables (SST, and SIC) were 388 

derived from PRISM3D. The vegetation distribution map was regenerated with JSBACH plant 389 

functional types using the PRISM reconstruction (C. Stepanek & Lohmann, 2012). A summary 390 

of the major boundary conditions used in this study is presented in Table 1.  391 

Due to the sparse availability of isotopic composition records for the past climates, all the 392 

initial conditions of the ocean and the atmosphere were kept the same. The H2
18O and HDO 393 

starting conditions for the ocean were taken from the equilibrium 3000-year run with MPI-OM-394 

wiso (Xu et al., 2012), and the atmosphere was initialised with δ18O and δD of -10 and -80 ‰, 395 

respectively, similar to previous studies (e.g., Cauquoin et al., 2019; Werner et al., 2011). 396 

 397 

 398 

 399 

Table 1. Summary of boundary conditions for the ECHAM5-wiso experiments (this study) and 400 

the list of PMIP4 models that simulated the coeval climates. e stands for eccentricity, o for 401 

obliquity, and lop for longitude of perihelion. 402 

 403 

Experiment 

name 

Greenhouse gas 

concentrations 

Orbital 

forcing 

parameters 

Surface conditions PMIP4 models 

considered 

Pre-industrial 

(PI): year 

1850   

CO2: 280 ppm, 

CH4: 760 ppb, 

N2O: 270 ppb. 

e: 0.016804, 

o: 23.4725, 

lop: 278.734  

The SST and SIC data are taken from a 

low-resolution coupled ocean-

atmosphere simulation by Dietrich et 

al. (2013) and Lorenz & Lohmann 

(2004). Vegetation distribution data 

was adopted from Hagemann (2002). 

All models 

Mid-

Holocene 

(MH): ~6 ka 

  

CO2: 280 ppm, 

CH4: 650 ppb, 

N2O: 270 ppb. 

e: 0.018682, 

o: 24.1048, 

lop: 180.918  

SSTs and SICs are obtained from a 

transient, low-resolution coupled 

ocean-atmosphere simulation of the 

Mid-Holocene (Lohmann et al., 2013; 

Wei & Lohmann, 2012). Vegetation 

reconstructions from the BIOME 6000 

dataset (Bigelow et al., 2003; Harrison 

et al., 2001; Pickett et al., 2004; 

AWI-ESM-1-1-

LR, CESM2, EC-

Earth3-LR, GISS-

E2-1-G, 

HadGEM3-GC31-

LL, IPSL-CM6A-

LR, MIROC-

ES2L, NorESM1-

F 
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Prentice et al., 2000) converted into 

plant functional types.  

Last Glacial 

Maximum 

(LGM): ~21 

ka   

CO2: 185 ppm, 

CH4: 350 ppb, 

N2O: 200 ppb. 

e: 0.018994, 

o: 22.949, 

lop: 294.42  

SSTs and SICs were derived from 

GLAMAP reconstructions for the 

Atlantic Ocean (Sarnthein et al., 2003) 

and CLIMAP reconstructions for the 

Pacific and Indian Oceans (CLIMAP, 

1981). Land-sea distribution, ice sheet 

extent, and thickness were based on 

PMIP3 data (Abe-Ouchi et al., 2015). 

Vegetation patterns were reconstructed 

using maps of plant functional types 

from the BIOME 6000 

Paleovegetation Mapping Project 

(Bigelow et al., 2003; Harrison et al., 

2001; Pickett et al., 2004; Prentice et 

al., 2000) and model predictions 

provided by Arnold et al. (2009).  

AWI-ESM-1-1-

LR, CESM2-

WACCM-FV2, 

MIROC-ES2L, 

MPI-ESM1-2-LR, 

INM-CM4-8 

Mid-Pliocene 

(MP): ~3 Ma   

CO2: 405 ppm, 

CH4: 760 ppb, 

N2O: 270 ppb. 

e: 0.016804, 

o: 23.4725, 

lop: 278.734  

SSTs, SICs, land-sea mask, 

topography, and ice cover data were 

sourced from PRISM3D (Dowsett et 

al., 2010; Haywood et al., 2010; Sohl 

et al., 2009). The vegetation boundary 

condition was established by 

converting the PRISM vegetation 

reconstruction into JSBACH plant 

functional types, following the method 

outlined by Stepanek and Lohmann 

(2012).  

CESM2, EC-

Earth3-LR, GISS-

E2-1-G, 

HadGEM3-GC31-

LL, IPSL-CM6A-

LR, NorESM1-F 

3.3 Observed and Simulated Data Comparison 404 

Reanalysis products are used as validation datasets to assess how ECHAM5-wiso 405 

simulates the climatologies and seasonality of precipitation and near-surface temperature across 406 

the WAM region. More specifically, the ERA5 climate reanalysis, produced and maintained by 407 

ECMWF, is compared to the simulated long-term seasonal means of the PD climate. ERA5 408 

consists of globally interpolated observations (e.g., ocean buoys, satellites, aircraft, weather 409 

stations, and other platforms) and numerical simulations using a four-dimensional variational 410 

(4D-var) data assimilation scheme (Hersbach et al., 2020). It has hourly output, an approximately 411 

31 km spatial resolution, and extends back to 1959 (Bell et al., 2021). We only extract the 412 

monthly long-term mean for the period 1979-2014 due to the simulated time range of the PD 413 

experiment. Moreover, the CRU (Climate Research Unit gridded Time series) high-resolution 414 

dataset (i.e., 0.5° x 0.5° over land regions except for Antarctica), maintained at the University of 415 

East Anglia, UK, was used to compare the PD precipitation simulation. CRU relies on the 416 

extensive network of global weather stations, which are interpolated using angular-distance 417 

weighting (ADW). This dataset extends back to 1901 (more details in Harris et al. 2014 and 418 

2020). 419 
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3.4 Observed and Simulated Data Comparison 420 

Simulated model outputs from various climate models that participated in the fourth 421 

phase of the Paleoclimate Model Intercomparison Project (PMIP4), which is a component of the 422 

current Coupled Model Intercomparison Project (CMIP6) (Eyring et al., 2016), were analysed to 423 

further compare our simulated responses to paleoenvironmental conditions with the current state-424 

of-the-art models. However, we emphasise that our analysis does not constitute a formal inter-425 

model comparison since different experimental protocols were used for the simulations in this 426 

study. For instance, we rely on a high-resolution atmosphere-only model with prescribed 427 

forcings, in contrast to the fully coupled atmosphere-ocean GCMs used in the PMIP4 428 

experiments. Furthermore, the ECHAM5-wiso simulation time is shorter than that of the PMIP4 429 

models (>100 years) due to the longer period required for fully coupled ocean-atmosphere 430 

models to reach quasi-equilibrium and avoid drifts in climate variables. The boundary conditions 431 

and experimental setup protocols for the PMIP4 models simulating the MH, LGM, and MP are 432 

described in Kageyama et al. (2018) and Otto-Bliesner et al. (2017). We analysed the last 100 433 

years of monthly precipitation amounts for each model, with climate anomalies estimated using 434 

their respective PI control simulations. Moreover, we highlight that the individual PMIP4 435 

models' spatial resolutions were kept for our analysis to disentangle the impact of the model 436 

resolution in representing the WAM dynamics. 437 

3.5 West African Monsoon Anomalies and Statistical Test 438 

Long-term seasonal means of the WAM months (JJAS) were estimated using the 6-hour 439 

model output from the ECHAM5-wiso experiments and the monthly means from the PMIP4 440 

models. The statistical significance of the long-term anomalies is evaluated using a student t-test 441 

with a confidence interval threshold of 95%. It is important to note that the analysis is based on 442 

uncorrected time, even though orbits were modified in the time slice experiments. However, this 443 

does not influence the analysis since climatological means are considered. As the WAM 444 

seasonality is zonally distributed (Janicot et al., 2011; S. E. Nicholson & Palao, 1993), three 445 

different latitudinal transects were delineated for further analysis. Specifically, zonal averages 446 

over the Sahara (30-20°N, 20°W-30°E), Sahel (20-10°N, 20°W-30°E), and Guinea coast (10-447 

5°N, 20°W-30°E) were used to understand the meridional variations of the simulated rain belt 448 

across the WAM region. 449 

4 Results 450 

4.1 Present-day simulation and comparison to observations 451 

Comparisons of the simulated and the observed spatial patterns and seasonality of 452 

precipitation and near-surface temperature revealed that ECHAM5-wiso represents the climate 453 

across the WAM region well. More specifically, the simulated and observed precipitation in the 454 

monsoon season shows a similar rain belt, i.e., a latitudinal band of maximum precipitation of 455 

approximately 400 mm/month across Africa. There are only slight deviations in magnitude 456 

between ECHAM5-wiso and ERA5 (Fig. 1a-c): ERA5 shows a higher magnitude of 457 

precipitation, with ~40 mm/month more than predicted by the simulation. However, comparing 458 

the simulated patterns to the CRU datasets reduces these slight differences in precipitation 459 

patterns and magnitudes (Fig. S1). Moreover, the simulated near-surface temperature indicates 460 

similar spatial patterns with a pronounced meridional gradient, indicating high temperatures of 461 

up to 40 °C across the Sahara region (Fig. 1d-f). 462 
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 463 

Figure 1. Long-term annual means (1979-2014) of ERA5 and ECHAM5-wiso precipitation (a 464 

and b) and near-surface temperature (d and e) during the monsoon season (JJAS), and the 465 

differences in precipitation and near-surface temperature between the datasets (c and f). The 466 

green colour range in the precipitation difference indicates a wet bias, while the brown colours 467 

indicate a dry bias in the model. The red colour range also represents a warm bias, and the blue 468 

colours indicate a cold bias in the model. Overall, the simulated patterns of the rain belt and 469 

meridional temperature gradient during the monsoon season demonstrate a reasonable model 470 

performance. The demarcated regions in (a) are used for estimating the regional means. 471 

 472 

The migration of the WAM drives different seasonal precipitation patterns across West 473 

Africa. Consequently, we analyse the seasonal trends using regional monthly means across the 474 

Sahara, Sahel, and the coast of Guinea. Overall, the model simulates an accurate seasonal 475 

distribution and intensity across most of the transects (Fig. 2). Specifically, the observed and the 476 

modelled seasonal cycle shows a precipitation increase of >3 mm/month during the winter in the 477 

Sahara region (Fig. 2a). Moreover, the model also simulates a realistic unimodal monthly 478 

distribution across the Sahel, with maximum precipitation of ~100 mm/month in August (Fig. 479 

2b). However, ECHAM5-wiso predicts the expected bimodal precipitation seasonality across the 480 

Guinea coast, with peak months in June (~225 mm/month) and September (~200 mm/month), 481 

while ERA5 indicates wider unimodal patterns of maximum precipitation of ~250 mm/month in 482 

June (Fig. 2c). Despite the adequate precipitation representation of ERA5 over West Africa, 483 

previous studies have indicated their underestimation over the coast of Guinea (e.g., Quagraine et 484 

al., 2020). Overall, the present-day simulation results confirm ECHAM5-wiso's ability to 485 

represent the hydroclimate of the WAM and its associated teleconnections, validating its use for 486 

paleoclimate simulations. 487 
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 488 

Figure 2. Comparison of ERA5 (red) and ECHAM5-wiso (black) monthly precipitation changes 489 

across the (a) Sahara (30-20ºN, 20ºW-30ºE), (b) Sahel (20-10ºN, 20ºW-30ºE), and (c) Coast of 490 

Guinea (10-5ºN, 20ºW-30ºE) (see Fig. 1a). For the Sahara and the Sahel, the modelled evolution 491 

of the WAM is consistent with ERA5. However, the model produces the expected bimodal 492 

precipitation seasonality across the Guinea coast, while ERA5 only shows a unimodal pattern. 493 

4.2 Simulated changes of the WAM in the late Cenozoic 494 

The simulated regional patterns of the WAM in the MH, LGM, and MP deviate 495 

significantly from PI conditions. Overall, the model estimates an intensification of the WAM in 496 

the MH and MP, with the MH showing a more significant intensification than the MP. On the 497 

other hand, the model estimates a pattern of extensive dryness during the WAM season in the 498 

LGM (Fig. 3). The estimated precipitation anomalies during the WAM season in the MH 499 

indicate bidirectional latitudinal patterns. The MH experiment estimates an increase of ~150 500 

mm/month from 7°N to 30°N, with statistical significance below 27°N. Conversely, the model 501 

indicates a decrease of ~30 mm/month towards the coastal regions (2-6°N) (Fig. 3a). Overall, the 502 

LGM simulation indicates a precipitation decrease of up to 150 mm/month across the WAM 503 

region, with significant anomalies along the coastal regions (Fig. 3b). Lastly, MP estimates an 504 

increase of ~100 mm/month in precipitation anomalies during the WAM season, with patches of 505 

a slight decrease in precipitation along the coast of Guinea, Nigeria, and Cameroon (Fig. 3c). 506 

The simulated patterns of precipitation anomalies indicate a higher magnitude of the latitudinal 507 

extent of the WAM towards the Sahara region in the MH compared to the MP. To assess the 508 

relative importance and added value of using ECHAM5-wiso to simulate all the studied periods, 509 

we compare our model estimates to those of other models from the CMIP6-PMIP4 experiments 510 

(Table 1) that simulate the same periods. We focus our analysis on regional means of 511 

precipitation anomalies across the Sahel and also evaluate the latitudinal distribution of the 512 

WAM. The simulated WAM seasonal climatologies of the different climates (i.e., MH, LGM, 513 

and MP) and their respective control means (PI) are presented in the supplementary material 514 

(Fig. S2, S3, S4, and S5). 515 
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 516 

Figure 3. Precipitation anomalies during the WAM season (JJAS) for the (a) Mid-Holocene 517 

(MH), (b) Last Glacial Maximum (LGM), and (c) Mid-Pliocene (MP), as simulated by 518 

ECHAM5-wiso. The green colour range represents wetter conditions, while the brown colour 519 

range represents drier conditions compared to the Pre-Industrial (PI) estimates. The black dot 520 

stippling indicates regions with statistically significant differences, assuming a confidence 521 

interval of 95% based on a student t-test analysis. The precipitation anomalies patterns indicate 522 

the highest intensification of the WAM and its northward reach in the MH despite the enhanced 523 

hydrological cycle in the MP. 524 

Overall, the inter-model comparison reveals consistent estimates in the direction and 525 

magnitude of change in response to different paleoenvironmental conditions, with the exception 526 

of CESM2-WCCM-FV2. Surprisingly, this model estimates an increase in precipitation 527 

anomalies across the Sahel in the LGM. However, Zhu et al. (2021) have indicated that this 528 

unrealistic sensitivity to colder climates may be attributed to exaggerated shortwave cloud 529 

feedback or an unrepresented physical mechanism countering such cloud feedback. Specifically, 530 

ECHAM5-wiso estimates the maximum increase in precipitation anomalies of ~90 mm/month 531 

across the Sahel in the MH for the WAM season, followed by MPI-ESM1-2-LR (with ~80 532 

mm/month), while GISS-E2-1-G shows the lowest precipitation anomalies of ~35 mm/month. 533 

Alternatively, AWI-ESM-1-1-LR estimates a maximum precipitation decrease of 55 mm/month 534 

across the Sahel in the LGM. The precipitation decreases (~20 mm/month) estimated by 535 

ECHAM5-wiso is similar to the estimates by the INN-CM4-8 and MIROC-ES2L models. In the 536 

MP, the WAM response across the Sahel exhibits a wider range of precipitation anomalies, with 537 

EC-Earth3-LR, indicating the maximum increase of ~160 mm/month and GISS-E2-1-G showing 538 

the lowest increase of ~10 mm/month. However, ECHAM5-wiso estimates fall within a mid-539 

range of ~50 mm/month, which is closer to the estimates by HadGEM3-GC31-LL, IPSL-CM6A-540 

LR, and NorESM1-F models. Even though ECHAM5-wiso indicates a maximum intensification 541 

of the WAM across the Sahel in the MH rather than in the MP, other models (e.g., EC-Earth3-542 

LR) suggest the reverse trend. Consequently, the longitudinal regional means of the latitudinal 543 

distribution of precipitation anomalies during the WAM season are evaluated to compare the 544 

northward migration of the WAM in response to the different paleoenvironments. 545 
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 546 

Figure 4. Regional means of precipitation anomalies during the WAM season estimated for the 547 

Sahel region (see Fig. 1a) using ECHAM5-wiso (labelled in blue) and the PMIP4 models 548 

considered (Table 1) for the (a) Mid-Holocene (MH), (b) Last Glacial Maximum (LGM), and (c) 549 

Mid-Pliocene (MP) paleoenvironmental conditions. The individual precipitation anomalies are 550 

estimated based on their respective pre-industrial (PI) runs. 551 

In total, most of the PMIP4 models suggest a higher meridional migration of the WAM in 552 

the MP than in the MH, while the magnitude of changes in the latitudinal band of maximum 553 

precipitation varies among the individual models. Specifically, EC-Earth3-LR estimates 554 

maximum latitudinal precipitation of 200 mm/month with a greater northward extent in MP than 555 

the ~100 mm/month rain belt in the MH. However, GISS-E2-1-G suggests a higher 556 

intensification of the WAM with an increase in precipitation by 50 mm/month in the MH, and a 557 

relatively modest increase of ~10 mm/month in the MP. The ECHAM5-wiso experiments 558 

suggest a slight northward extent of the WAM in the MH and a higher intensification (~80 559 

mm/month more) than in the MP. Despite the estimated differences, all the models, including 560 

ECHAM5-wiso, indicate a similar meridional distribution in the MH and MP. However, 561 

CESM2-WCCM-FV2 and INM-CM4-8 distinctively suggest an increased distribution of 562 

meridional precipitation anomalies across the WAM areas and toward the equatorial Atlantic in 563 

the LGM, respectively, despite the general decreasing trend estimated by the other models. 564 
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 565 

Figure 5. Latitudinal regional, seasonal means (JJAS) of precipitation anomalies across the 566 

WAM region (averaged between 20°W and 30°E) estimated for the ECHAM5-wiso and PMIP4 567 

models for (a) Mid-Holocene (MH), (b) Last Glacial Maximum (LGM), and (c) Mid-Pliocene 568 

(MP) simulations. ECHAM5-wiso estimates show a latitudinal distribution that is consistent with 569 

most of the PMIP4 models. ECHAM5-wiso estimates for LGM and MP fall into the PMIP4 570 

model range, while ECHAM5-wiso estimates for the intensification of the WAM in the MH 571 

exceed the PMIP4 model range. 572 

4.3 Seasonality of the simulated WAM in the late Cenozoic 573 

The meridional migration of the WAM is investigated by analysing the evolution of 574 

latitudinal regional means (Hovmöller diagram) (Fig. 6) and regional means over the coast of 575 

Guinea, Sahel, and Sahara (Fig. 7). Generally, the seasonal cycle of the WAM progresses from 576 

two rainy season regimes across the coastal areas to a single rainy event across higher latitudes 577 

(Fig. 2). The progression of the WAM is classically defined in three phases: (1) the onset period 578 

(March-May), driven by the low-level south-westerlies moist transport from the South Atlantic 579 

towards the coastal regions up to 4°N and the abrupt shift of the ITCZ from the quasi-stationary 580 

zone between 5-8°N to 8-10°N, (2) the high rain period (June-August), which abruptly shifts the 581 

rain belt up to 10°N (also known as monsoon jump), marking the start of the high rainfall events 582 

in the Sahel and the end of the first rainy regime across the coast, and (3) the southward retreat 583 

(September-October), reflecting the last phase of the WAM annual cycle and the second rainfall 584 

region across the coast (Barbé et al., 2002; Sultan et al., 2003; Sultan & Janicot, 2003). 585 
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 586 

Figure 6. Hovmöller diagram (space-time) showing the latitudinal seasonal migration of 587 

precipitation across the WAM region (averaged between 20°W and 30°E) for the (a) Pre-588 

industrial (PI), (b) Mid-Holocene (MH), (c) Last Glacial Maximum (LGM), and (d) Mid-589 

Pliocene (MP) experiments using ECHAM5-wiso. The MH seasonal distribution indicates the 590 

highest precipitation rate during the high-rainfall period (June-August), while the MP indicates 591 

more precipitation in the onset (March-May) and southward retreat (September-October) 592 

periods. 593 

The latitudinal evolution of the WAM in the PI indicates maximum precipitation of up to 594 

320 mm/month during the onset period (from March to May) along the coast, followed by a 595 

monsoonal jump up to 15°N in the Sahel with ≤ 40 mm/month of precipitation (Fig. 6a). 596 

Moreover, the southward retreat toward the coast at the end of the annual cycle records half of 597 

the precipitation (i.e., ~160 mm/month) during the onset period. The MH evolution exhibits 598 

similar phases, but with higher precipitation and a greater northward extent. Specifically, the 599 

onset period records precipitation of ~ 360 mm/month and a higher northward shift up to ~25°N 600 

with higher precipitation rates of up to 320 mm/month across the Sahel (Fig. 6b). The southward 601 

retreat phase in the MH is also characterised by higher precipitation rates of up to 240 602 

mm/month. Overall, the MP seasonal trend shows an inverted V-shape distribution that is similar 603 

to the MH pattern, but flatter and with a higher rainfall in the onset and southward retreat phases 604 

along the coast. The onset and southward retreat phases are characterised by precipitation rates 605 

of ~ 400 mm/month and 300 mm/month across the coast of Guinea and the equatorial Atlantic, 606 

respectively (Fig. 6d). However, the high-rainfall period is characterised by less rainfall (~250 607 

mm/month) across the Sahel and a lower latitudinal extent (≤ 18°N) when compared to MH. On 608 
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the other hand, the LGM simulations predict drier conditions in all seasons, with a rainfall 609 

increase of only up to 160 mm/month in the Sahel during the high-rain period (Fig. 6c). 610 

 611 

Figure 7. Seasonal cycle of precipitation across the (a) Sahara (30-20°N, 20°W-30°E), (b) Sahel 612 

(20-10°N, 20°W-30°E), and (c) Guinea coast (10-5°N, 20°W-30°E) (See Fig. 1a) estimated for 613 

the Pre-industrial (PI; black), Mid-Holocene (MH; red), (c) Last Glacial Maximum (LGM; blue), 614 

and (d) Mid-Pliocene (MP; green) simulation using ECHAM5-wiso. The seasonal distribution of 615 

precipitation across the Sahara shows different peak months for the different past climates, while 616 

the Sahel and Coast of Guinea show a more consistent seasonality. 617 

The seasonal cycle across the different climate zones is assessed through their regional 618 

means. The seasonal precipitation cycle exhibits pronounced variations in magnitude, but few 619 

changes in precipitation distribution. Among those few changes are variations in peak 620 

precipitation months estimated for the Sahara. While the PI estimates indicate higher 621 

precipitation (~4 mm/month) in November-February, the MH estimates suggest more 622 

precipitation from July to October, with peak precipitation rates of 12 mm/month in September. 623 

Overall, the LGM estimates indicate persistently drier conditions across all seasons in the 624 

Sahara. The MP also indicates a higher precipitation record in the pre-onset period across the 625 

Sahara, with a peak month in February (~7 mm/month). Regarding the bimodal monthly 626 

distribution along the coastal regions, all climates show similar patterns. For the MH, the 627 

precipitation peaks are highest, i.e. a ~300 mm/month peak in June and a ~260 mm/month peak 628 

in October. The estimates across the Sahel also exhibit a unimodal distribution and precipitation 629 

peak in August. The MH simulation produces the highest peak, with an increase of more than 630 

100% relative to the PI. 631 

4.4 Changes of stable oxygen isotopic composition in precipitation associated with late 632 

Cenozoic changes in the West African Monsoon 633 

In this section, we explore the simulated seasonal climatological anomalies of the 634 

precipitation-weighted stable oxygen isotopic composition of precipitation (δ18Op) during the 635 
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WAM season. Even though δ18Op values are closely linked to precipitation due to the "amount 636 

effect", the simulated spatial patterns of precipitation and δ18Op values are different. Overall, the 637 

warmer climates (i.e., MH and MP) estimate a decrease in δ18Op values across the WAM region 638 

when compared to the PI patterns during the monsoon season. In contrast, the δ18Op anomalies 639 

increase across many parts of the WAM region in response to the colder conditions in the LGM. 640 

The MH is characterised by a significant decrease of δ18Op values by ~ -5 ‰ between 10-20 °N, 641 

which spatially coincides with the region of the rain belt. The decrease becomes less pronounced 642 

(~ -1 ‰) towards the Sahara region, and shows small areas that experience a slight increase (~1 643 

‰) towards the east. Moreover, the equatorial Atlantic region also experiences a slight δ18Op 644 

decrease of about 1 ‰. The δ18Op anomalies during the MP also decrease across the continent, 645 

but show an increase of up to -6 ‰ across the Sahara. Furthermore, the decrease of δ18Op values 646 

across the Sahel is less significant than the increase in precipitation anomalies in the MP. On the 647 

other hand, the LGM simulation indicates a significant increase in δ18Op values of ~ 3 ‰ across 648 

the Atlantic Ocean and the adjacent coastal regions. 649 

 650 

Figure 8. Simulated changes in δ18Op in the WAM season (JJAS) for the (a) Mid-Holocene 651 

(MH), (b) Last Glacial Maximum (LGM), and (c) Mid-Pliocene (MP). The pink colour range 652 

represents heavy isotope depletion, and the green colour range represents an enrichment in the 653 

heavy isotopes in relation to Pre-industrial (PI) values. The black dot stippling indicates regions 654 

with a statistically significant difference, assuming a confidence interval of 95%, using a student 655 

t-test analysis. 656 

4.5 Changes in the atmospheric dynamics behind the simulated WAM changes 657 

Here, we analyse the atmospheric dynamics behind the simulated changes in the WAM. 658 

Specifically, we use near-surface temperature, mean sea level pressure, wind patterns at different 659 

atmospheric levels, and surface heat fluxes to investigate how these dynamics change in response 660 

to different late Cenozoic boundary conditions. Due to our current understanding of WAM 661 

dynamics (section 2.1), we focus on the spatial and intensification changes of the surface 662 

temperature and pressure gradients, AEJ, TEJ, and the low-level south-westerly winds as the 663 

dynamic feedback contributing to the simulated changes in the WAM. Additionally, we evaluate 664 

the changes in the WAM due to land surface conditions (e.g., prescribed vegetation) in the 665 

experiments through the responses of surface latent and sensible heat fluxes. 666 

4.5.1 Changes in near-surface temperature 667 

The warmer climate experiments (i.e., MH and MP) produce a north-south near-surface 668 

temperature gradient with an increase in the Sahara region, a decrease in the Sahel, and smaller 669 
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regions of increases (MP) or no (MH) changes at the southern coast (Fig. 9). Overall, the MH 670 

indicates a pronounced meridional gradient with a significant increase in temperature anomaly of 671 

up to 10 °C across the Sahara and a significant decrease of down to -8 °C towards the Guinea 672 

coast. The MP anomalies indicate similar patterns, but with less pronounced gradients and 673 

significant changes only toward Central and East Africa. More specifically, the MP shows an 674 

increase of up to 5 °C across the Sahara and a decrease of about -3 °C across the Sahel, 675 

transitioning into a slight increase of up to 2°C in the equatorial Atlantic. This spatial variability 676 

is consistent with the precipitation patterns. Moreover, the mean sea level pressure patterns also 677 

indicate the deepening of the low-pressure area across the Sahara in MH compared to the MP 678 

(Fig. S6). However, comparing the cyclonic flow across the Sahara and the strengthened south-679 

westerlies moist transport from the equatorial Atlantic at 850 hPa between the MH and MP 680 

reveals no noticeable changes (Fig. S6). Contrarily, the temperature anomalies in the LGM 681 

indicate overall colder conditions across the continent with a significant decrease of up to -5 °C. 682 

 683 

Figure 9. Simulated temperature anomalies of the WAM season (JJAS) estimated in response to 684 

the (a) Mid-Holocene (MH), (b) Last Glacial Maximum (LGM), and (c) Mid-Pliocene (MP) 685 

paleoenvironmental conditions using ECHAM5-wiso. The blue colour ranges represent colder 686 

conditions, and the red colour ranges represent warmer conditions compared to the pre-industrial 687 

estimates. The black dot stippling indicates regions with a statistically significant difference, 688 

assuming a confidence interval of 95% using a student t-test analysis. 689 

4.5.2 Changes in the vertical structure of zonal and meridional wind speeds 690 

We analysed the latitudinal-altitude cross-sections of zonal and meridional wind speeds 691 

across the WAM region to understand the atmospheric circulation associated with the simulated 692 

precipitation dynamics. The zonal wind patterns reveal a higher altitudinal reach of the low-level 693 

southwesterlies and a greater northward propagation in the MH and MP when compared to the PI 694 

and LGM (Fig. 10). The westerlies reach a latitudinal extent of 17°N and stay below 800 hPa 695 

atmospheric level in the PI and LGM, while in the MH and MP, the flows extend over 20°N and 696 

up to the 700 hPa level (Fig. 10 a-d). The MH and MP simulations estimate a higher northward 697 

reach of the winds, but the latter predicts slightly higher wind shear at the core of the low-level 698 

flow. Consistently, the AEJ is located between 10-15 °N at approximately 600 hPa in the PI and 699 

LGM. However, the LGM indicates a more intense AEJ than the PI despite overall drier 700 

conditions. In the MH and MP, the AEJ experiences a greater northward shift between 15-20 °N, 701 

and its core shifts to a higher altitude than in the PI. In contrast to the LGM and PI, the AEJ in 702 

the MH indicates higher intensification than the MP. 703 
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 704 

Figure 10. Latitudinal vertical cross-sectional for zonal (top panel) patterns, where positive 705 

(negative) values indicate westerly (easterly) winds, and for meridional patterns (bottom panel), 706 

where positive (negative) values indicate southerly (northerly) wind speeds estimated for the 707 

WAM season (JJAS) in response to (a) Pre-industrial (PI), (b) Mid-Holocene (MH), (c) Last 708 

Glacial Maximum (LGM), and (d) Mid-Pliocene (MP) paleoenvironmental conditions. The 709 

approximate locations of the African Easterly Jet (AEJ), Tropical Easterly Jet (TEJ), Intertropical 710 

Discontinuity (ITD), low-level westerlies and Shallow Meridional Cell (SMC) are shown in a 711 

and e. The low-level westerlies reach the highest latitude and altitude in the MH. The 712 

strengthened WAM conditions are more associated with the northward position of the Africa 713 

Easterly Jet (AEJ) than its intensity. 714 

The latitudinal-altitude cross-section of winds also indicates higher vertical wind shear 715 

(inferred from the transition from the low-level westerlies to the mid-level easterlies) in the MH 716 

and MP compared to the PI. Stronger southwesterlies (and, therefore, a deeper monsoon depth) 717 

are also identified in the MH and MP. The monsoon depth defines the altitudinal reach of 718 

moisture transport from the equatorial Atlantic into the continent. In contrast, the LGM 719 

experiment estimates a shallow monsoon depth compared to the PI. More specifically, the 720 

monsoon depth reaches an altitude of 600 hPa in the MH and MP, and only up to 700 hPa in the 721 

PI and LGM (Fig. 10 e-h). Moreover, the patterns in the MH and MP indicate a more northward 722 

location of the ITD (i.e., the location where the moist southwesterlies deflect the dry 723 

northeasterlies from the Sahara) at approximately 20 °N and 19 °N, respectively. For the PI and 724 

LGM, the ITD is located further south (<17°N). The intensity of the low-level moisture 725 

transport, TEJ, AEJ, and the location of the ITD coincide with the latitudinal band of negative 726 
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omega values (wind directions away from the ground; updraft) up to 200 hPa and the associated 727 

subsidence (positive omega values) across the Sahara (Fig. S7). Overall, the tropospheric 728 

structure of the winds reveals stronger southwesterlies moisture transport from the tropical 729 

Atlantic, a higher monsoon depth, the northward position of the AEJ, and the intensification of 730 

the TEJ, consistent with the increased intensity of the WAM and its northward migration in the 731 

MH and MP. 732 

4.5.3 Changes in sensible and latent heat fluxes 733 

Generally, high vegetation cover yields more water availability through 734 

evapotranspiration, which increases latent heat (LH) flux. Moreover, moisture availability due to 735 

the increased LH flux leads to a rainfall-induced cooling effect, reducing sensible heat (SH) flux 736 

into the atmosphere. Specifically, for the WAM region, the recycling of water vapour through 737 

evaporative fluxes also contributes to the northward extent of precipitation. Therefore, the 738 

response of the WAM to different surface conditions is described here through the analysis of 739 

SH and LH fluxes.  740 

The paleoclimate experiments indicate varied responses to the surface heat fluxes (Fig. 741 

11). In the MH experiment, the results indicate pronounced negative LH anomalies (i.e., upward 742 

flux) of up to -80 Wm-2 across the Sahel, gradually reducing in magnitude towards the Sahara 743 

(Fig. 11a). Regions with more upward LH fluxes coincide with regions of a significant increase 744 

in precipitation the MH. The LGM reveals overall positive (downward) LH flux anomalies 745 

across the Sahel and coastal regions, with no changes towards the Sahara due to colder and drier 746 

conditions (Fig. 11b). In the MP, the estimated patterns reveal a slight increase in upward fluxes 747 

with negative LH anomalies down to -30 Wm-2 across the Sahel, and no changes in the Sahara 748 

(Fig. 11c). Such simulated patterns of releasing LH are consistent with higher enhanced 749 

evaporation over vegetated surfaces through radiative forcing (Fig. S8) in the MH. The SH flux 750 

anomalies also show consistent results with more downward fluxes and colder surface conditions 751 

associated with increased precipitation. The MH experiment estimates negative SH anomalies 752 

down to -60 Wm-2 across the Sahara, reaching 15 °N and positive SH anomalies across the Sahel 753 

towards the coastal regions (Fig. 11d). The zonal band of the downward SH anomalies is also 754 

consistent with the simulated rain belt in both the MH and MP. The MP experiment estimates a 755 

similar, albeit less pronounced, north-south gradient of SH. The LGM experiment estimates 756 

negative SH anomalies across most regions on the continent, which is consistent with less 757 

availability of water to evaporate. The simulated SH flux patterns are consistent with the near-758 

surface temperature anomalies, with a more pronounced meridional gradient in the MH relative 759 

to the MP. 760 
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 761 

Figure 11. Latent (top panel) and Sensible (bottom panel) heat flux anomalies during the WAM 762 

months (JJAS) for the (a) Mid-Holocene (MH), (b) Last Glacial Maximum (LGM), and (c) Mid-763 

Pliocene (MP). The purple ranges represent net upward fluxes, and the green colour ranges 764 

represent downward fluxes. 765 

 766 

5 Discussion 767 

5.1 Simulated changes of the WAM in response to the large-scale forcings 768 

Mid-Holocene (~6ka) 769 

Overall, the analysed climate model outputs consistently indicate the intensification and 770 

expansion of the WAM during the MH, specifically during the boreal summer. These simulated 771 

patterns align with findings from previous modelling studies (e.g., Bosmans et al., 2012; Gaetani 772 

et al., 2017; Patricola & Cook, 2007; Zhao & Harrison, 2012) and proxy reconstructions (e.g., 773 

Bartlein et al., 2011). The increase in precipitation during the WAM season is not surprising, 774 

given that the orbital configurations of the MH lead to stronger insolation during the boreal 775 

summer and autumn, and to weaker insolation during the winter when compared to PI forcings 776 

(Joussaume et al., 1999; Kutzbach & Liu, 1997). These orbital precision variations with stronger 777 

seasonal thermal amplitudes also result in more pronounced equator-to-pole and land-sea thermal 778 

gradients, contributing to moisture redistribution across the continents (Brierley et al., 2020). 779 

Specifically, the stronger thermal gradients and associated continental warming during the WAM 780 

season (JJAS) deepen the low-pressure cells over the Sahara. This intensifies the advection of 781 

moist air masses from the equatorial Atlantic Ocean, thereby amplifying and expanding the 782 

WAM. Moreover, the redistribution of moisture associated with the seasonal insolation 783 

distribution can be observed as a weakening of the annual-scale range of precipitation over the 784 

ocean and a strengthening over the continent, as suggested in previous studies (e.g., Braconnot et 785 

al., 2004). The MH precipitation anomalies in the inter-annual scale are less pronounced than the 786 

seasonal changes. These changes reflect that the seasonal variations in insolation primarily drive 787 
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the MH global climate changes (Kageyama et al., 2013). The ECHAM5-wiso model estimates 788 

global warming of approximately ~0.3 °C compared to the PI control run (Fig. S9 in the 789 

supplemental material). The bidirectional precipitation anomalies, with drier conditions toward 790 

the coastal regions, are also consistent with the rainfall dipole patterns of the African Humid 791 

Period (AHP). This phenomenon is explained by the northward shift of the ITCZ during the 792 

boreal summer in response to the insolation in the Northern Hemisphere (Braconnot et al., 2007; 793 

Coe & Harrison, 2002; deMenocal et al., 2000). 794 

Compared to the model outputs from the PMIP4-CMIP6 experiments, ECHAM5-wiso 795 

predicts the highest intensification and greatest northward reach of the WAM. The precipitation 796 

anomalies estimated with ECHAM5-wiso indicate a maximum rain belt of approximately 150 797 

mm/month across the Sahel (10-20 °N) and less rainfall reaching 30 °N. Out of all considered 798 

models, ECHAM5-wiso estimates predict the highest regional precipitation means (~95 799 

mm/month), followed by the MPI-ESM-LR, which has a similar atmospheric model component 800 

(i.e., ECHAM6). This also further validates the ability of models in the ECHAM family to 801 

reproduce the atmospheric dynamics and hydrological cycle across the African continent. The 802 

relatively high precipitation rates predicted by our ECHAM5-wiso simulations might be partly 803 

due to the following:  804 

(1) The representation of MH vegetation feedbacks. The experimental design for the 805 

PMIP4-CMIP6 MH simulation keeps vegetation from the PI, using prescribed surface conditions 806 

or dynamic vegetation models. However, previous studies have suggested a “Green Sahara”, 807 

characterised by steppe, savanna, and shrub vegetation, and fewer deserts than today (Dallmeyer 808 

et al., 2020; Hoelzmann et al., 1998; Jolly et al., 1998). Such vegetation is required to sustain the 809 

enhancement and northward extent of the WAM during the MH. The simulation with ECHAM5-810 

wiso used MH vegetation patterns provided by the BIOME6000 vegetation reconstructions 811 

(Bigelow et al., 2003; Harrison et al., 2001; Pickett et al., 2004; Prentice et al., 2000), where the 812 

Sahara desert was drastically reduced, and the Sahelian vegetation belt, consisting of steppe, 813 

tropical dry forest, and xerophytic woods/shrubs, was extended northward (Jolly et al., 1998; 814 

Prentice et al., 2000). Through positive feedback, vegetation has been suggested to increase 815 

orbitally driven precipitation across North Africa due to the warming effect caused by reduced 816 

albedo (Bonfils et al., 2001) and increased evapotranspiration as a result of increased latent heat 817 

fluxes (Levis et al., 2004; Texier et al., 2000). Overall, moisture recycling through 818 

evapotranspiration and induced surface warming increases convection and inland moisture flux 819 

and intensifies the WAM. However, previous studies have also indicated a plausible negative 820 

vegetation feedback on precipitation at the annual scale due to a larger contribution of soil 821 

evaporation than the albedo feedback under wetter conditions (Notaro et al., 2008; Y. Wang et 822 

al., 2008). 823 

 (2) The lower values of greenhouse gas (GHG) concentrations used for the PMIP4-824 

CMIP6 MH experiments. Lower pCO2 would result in a slightly colder climate than that 825 

produced by the ECHAM5-wiso simulation. This has been shown for the PMIP3-CMIP5 MH 826 

experiments that used GHG concentrations that are similar to those used for our ECHAM5-wiso 827 

experiment. The differences between PMIP4-CMIP6 and PMIP3-CMIP5 were due to the 828 

simulated difference in effective radiative forcing of -0.3 Wm-2 (Otto-Bliesner et al., 2017). 829 

Generally, the slightly colder climate would reduce the temperature meridional gradient across 830 

the African continent that drives low-level south-westerly moist air masses from the equatorial 831 

Atlantic Ocean.  832 
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(3) The use of the high spatial resolution for the ECHAM5-wiso simulation. Several 833 

studies have demonstrated that monsoons are better resolved when resolution is increased, even 834 

though the magnitude changes are more susceptible to the model's parameterisation (e.g., Gao et 835 

al., 2006; Sperber et al., 1994). The higher spatial resolution consequently reproduces the MH 836 

patterns through improved representation of important processes, such as large-scale 837 

condensation, land-sea interaction, and topographic forcings (Boyle & Klein, 2010). Bosmans et 838 

al. (2012) showed that using a high-resolution (T159) for EC-Earth GCM resulted in an 839 

increased intensity and a greater northward reach of the WAM in the MH when compared to the 840 

low-resolution PMIP2 ocean-atmosphere coupled models. The inter-model variabilities can also 841 

be attributed to the differences in complexities and the models' sensitivity to the parameterisation 842 

of clouds, atmospheric dynamics, and the hydrological cycle in general. We highlight that 843 

determining the influence of resolution and model parameterisation is beyond the scope of this 844 

manuscript. Overall, all the models estimate similar latitudinal precipitation patterns across the 845 

WAM region, but the predicted northward reach and regional precipitation amounts are too low 846 

to sustain the plant types that exited during the MH (Braconnot et al., 2007; Joussaume et al., 847 

1999). 848 

Last Glacial Maximum (~21 ka) 849 

Generally, the global climate during the LGM was characterised by large-scale cooling 850 

due to radiative perturbations linked to the extensive continental ice sheets and lower 851 

atmospheric greenhouse gas (GHG) concentrations (Clark et al., 2009). These large-scale drivers 852 

were further modified by internal feedbacks in the climate system involving factors like sea ice, 853 

snow, and water vapour (e.g., Braconnot et al., 2007). ECHAM5-wiso simulates realistic patterns 854 

of temperature anomalies, indicating maximum cooling of approximately -15 °C across regions 855 

with ice sheets in the Northern Hemisphere, and moderate cooling (-2 to -5 °C) over tropical 856 

areas (Fig. S9). These patterns are similar to the results of PMIP4-CMIP6 experiments and align 857 

with findings from previous modelling studies (e.g., Cao et al., 2019; Kageyama et al., 2021). 858 

The large perturbations in the atmospheric radiative balance due to albedo feedbacks also result 859 

in significant changes in atmospheric circulation patterns, contributing to comprehensive 860 

changes in precipitation patterns (e.g., Liakka et al., 2016; Liakka & Lofverstrom, 2018). Large 861 

ice sheets covering North America and Fennoscandia redirect low-level winds, which strongly 862 

influences moisture transport and regional precipitation. Additionally, the associated 863 

thermodynamics, as indicated through specific humidity, can contribute to regional precipitation 864 

changes (D’Agostino et al., 2019, 2020). Most of the precipitation on land was substantially 865 

decreased due to the large-scale cooling and its associated reduction in evapotranspiration (e.g., 866 

Braconnot et al., 2007). The lower SSTs led to reduced evaporation over the oceans, which in 867 

turn reduced the surface's moisture flux into the atmosphere. This eventually led to a decreased 868 

inland moisture flux, leading to overall large-scale drying. Apart from surface cooling, 869 

tropospheric cooling also decreased the amount of atmospheric water vapour by limiting its 870 

water-holding capacity through the Clausius-Clapeyron relation. However, in both hemispheres, 871 

other regions across the mid-latitudes experienced an increase in precipitation, mainly in areas 872 

corresponding to the positions of the North Pacific, North Atlantic, and Southern Ocean storm 873 

tracks (Fig. S9). The simulated temperature patterns indicate overall cooling across the African 874 

continent, suggesting that the meridional temperature and pressure gradient that drives northward 875 

moisture flux from the Atlantic Ocean are suppressed, thereby reducing moisture availability 876 

across the WAM areas. Furthermore, the surface cooling over the oceans was more intense than 877 
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over land, indicating a decrease in the land-sea thermal contrast, which would result in an 878 

additional reduction in inland moisture transport. 879 

Mid-Pliocene (~3 Ma) 880 

Simulating the MP climate provides the opportunity to evaluate the long-term response of 881 

the climate system to currently raised atmospheric GHG concentrations. This period is often 882 

considered an analogue for future climate change (Burke et al., 2018) due to its similarities to 883 

modern palaeogeography and high pCO2 (400 ppm). As such, the modelling framework of the 884 

MP helps assess how important climatic components of the Earth system, such as the El Niño-885 

Southern Oscillation, the global hydrological cycle and monsoon systems, respond to the 886 

ongoing rise in CO2 concentrations. The simulated temperature patterns predict a global mean 887 

near-surface temperature increase of approximately 3 °C, primarily due to direct CO2 forcing. 888 

The overall warming exhibits polar amplification, with temperature anomalies increasing by 889 

more than 10 °C due to associated changes in albedo at higher latitudes (Chandan & Peltier, 890 

2020; de Nooijer et al., 2020; Samakinwa et al., 2020; Tindall et al., 2022). The simulated global 891 

mean temperature increase predicted by ECHAM5-wiso falls within the range of model 892 

estimates (1.4 to 4.6 °C) from the PlioMIP phase 1 and 2 experiments (Haywood et al., 2013, 893 

2020). The significant warming in high latitudes reduces the meridional temperature gradient, 894 

weakening the tropical atmospheric circulation, specifically the Hadley circulation (Corvec & 895 

Fletcher, 2017; Haywood et al., 2013). Previous studies also indicated a poleward shift of mid-896 

latitude westerly winds (Li et al., 2015), increased intensity of tropical cyclones (Yan et al., 897 

2016), and strengthening and poleward extension of the global land monsoon system (Li et al., 898 

2018). The enhanced hydrological cycle intensifies the East Asian and West African summer 899 

monsoons (R. Zhang et al., 2013, 2016). These changes resemble future climate projections (e.g., 900 

Erfanian et al., 2016; Seth et al., 2019) and require detailed understanding from a modelling 901 

perspective. 902 

Through sensitivity experiments, (Stepanek et al. (2020) determined that MP 903 

palaeogeography contributes to increased rainfall across the WAM areas. The closure of the 904 

Arctic gateway and enhanced topography have also been suggested to strengthen the Atlantic 905 

Meridional Overturning Circulation (AMOC), thereby warming the North Atlantic Ocean (Z. 906 

Zhang et al., 2021), which impacts the WAM (Mulitza et al., 2008). These findings highlight the 907 

importance of other boundary conditions in regulating the WAM. As mentioned earlier, land 908 

surface conditions, such as vegetation, contribute to the variability and spatial extent of the 909 

WAM through evaporative fluxes. Proxy reconstructions from previous studies suggest more 910 

humid conditions across northern Africa, which facilitates an expansion of vegetation. More 911 

specifically, palynological records suggest high tree cover density and broadening of woodlands 912 

and savannas at the expense of deserts across the Sahara (Bonnefille, 2010; Salzmann et al., 913 

2008). ECHAM5-wiso was set up with converted PRISM3 vegetation reconstructions, which 914 

indicate the expansion of grass and forests across North Africa towards the Mediterranean (Fig. 915 

S10). Such patterns are also consistent with the COSMOS dynamic vegetation results presented 916 

in Stepanek et al. (2020), which estimated an increase in precipitation by 70 mm/month across 917 

the WAM region. The PlioMIP2 models with prescribed MP vegetation also indicate a 918 

strengthened WAM, with an ensemble mean of precipitation showing an increase by ~76 (60 - 919 

120) mm/month (Berntell et al., 2021). The previous modelling inter-comparison project (i.e., 920 

PlioMIP1) estimates a lower magnitude of increase within a range of 30 to 60 mm/month (R. 921 

Zhang et al., 2016). The PlioMIP1 experimental protocol (Haywood et al., 2010) was similar to 922 
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the model setup used for the ECHAM5-wiso simulation. These findings suggest that ECHAM5-923 

wiso simulates a higher magnitude of WAM precipitation in the MP than the PlioMIP1 models. 924 

This may be due to the higher spatial resolution used for ECHAM5-wiso, which improves 925 

representation of land surface conditions (e.g., orography and vegetation) and model 926 

parameterisation. Overall, PlioMIP1 and PlioMIP2 models suggest that the updated MP 927 

boundary conditions from PRISM3 to PRISM4 contribute to the strengthening of the WAM. 928 

Samakinwa et al. (2020) confirm this with a sensitivity experiment using COSMOS, which 929 

indicated that the updated palaeogeography was the main reason for the changes in the large-930 

scale features between PlioMIP1 and PlioMIP2. 931 

The precipitation simulated with ECHAM5-wiso shows an increase of up to 120 932 

mm/month and an intensification towards the east (Fig. 3). However, regional means of 933 

precipitation across the Sahel increase by only ~50 mm/month, which falls within the broader 934 

range of PMIP4-CMIP6 estimates (10-160 mm/month) (Fig. 4). The CESM2 and EC-Earth3-LR 935 

models estimate significant increases of 90 and 160 mm/month, respectively. The HadGEM3-936 

GC31-LL, IPSL-CM6A-LR, and NorESM1-F estimate a moderate increase of ~50 mm/month, 937 

with GISS-E2-G estimating the lowest increase of only ~10 mm/month. The magnitude of the 938 

precipitation response simulated by the individual models across the WAM is consistent with the 939 

global response. For instance, GISS-E2-1-G indicates a low global response to the MP boundary 940 

conditions and consistently estimates the lowest WAM precipitation anomalies. On the contrary, 941 

models with large land-sea rainfall anomalies (e.g., EC-Earth3-LR and CESM2) also simulate a 942 

strengthened WAM. Even though the updated boundary conditions contributed to the inter-943 

model variabilities, Haywood et al. (2020) suggested model parameterisation and initial 944 

conditions as the main factors for the varied predictions. Moreover, later model versions tend to 945 

have a higher sensitivity than earlier versions when used with the same boundary and initial 946 

conditions. These findings suggest that using ECHAM6-wiso (Cauquoin et al., 2019) and even 947 

updated PRISM4 reconstructions (Dowsett et al., 2016; Haywood et al., 2016) would increase 948 

the strengthening of the WAM in the model. 949 

5.2 Control of the precipitation and temperature on stable oxygen isotope in the WAM 950 

season in response to the different past climates 951 

The stable oxygen isotopic composition of tropical precipitation provides information 952 

about the hydrological cycle and can be used to reconstruct past tropical climates. Several studies 953 

have employed stable isotopes to understand the intraseasonal water cycle variability in western 954 

Africa (e.g., Risi et al., 2008, 2010). These studies have revealed that the integrated convective 955 

activity in the monsoon season is spatially and temporally reflected in the δ18O values in 956 

precipitation and vapour records. On a broader scale, previous studies have used isotopic patterns 957 

to identify the strengthening of the Northern Hemisphere monsoon in response to warmer 958 

climates, both through modelling (e.g., Cauquoin et al., 2019; Shi et al., 2023; Thompson et al., 959 

2021) and proxy records (Wang et al., 2008; Bartlein et al., 2011). Simulating the isotopic 960 

composition allows for a direct comparison of model simulations to isotopic archives and 961 

contributes to the understanding of the causal mechanisms behind various proxy archives (Bühler 962 

et al., 2022; Phipps et al., 2013; Risi et al., 2012; Werner et al., 2000). Here, we explore the 963 

response of simulated δ18Op to varied paleoenvironmental conditions during the WAM season. 964 

The results suggest that meteoric water was more negative in past warmer climates and less 965 

negative in colder climates. Similar patterns have been reported in previous isotope-enabled 966 

GCM modelling studies (e.g., Risi et al., 2010; Cauquoin et al., 2019). Specifically, the oxygen 967 
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isotopes are most depleted during the MH, indicating the role of seasonal insolation distribution 968 

and associated precipitation dynamics in the isotopic patterns (Thompson et al., 2021). 969 

Importantly, the magnitude and spatial patterns, to some extent, are inconsistent with the 970 

simulated precipitation anomalies despite the expected dependence of the isotopic composition 971 

on convective activity, as suggested in previous studies (e.g., Bony et al., 2008; Lawrence et al., 972 

2004). These changes reveal the plausibility of additional factors controlling δ18Op in different 973 

climates. Therefore, we further explore the relative influence of precipitation and temperature on 974 

the simulated δ18Op patterns to better understand what controls the oxygen isotopes during the 975 

monsoon season. 976 

We evaluate the control of precipitation and temperature on δ18Op values in different time 977 

periods by calculating their linear relationship during the WAM season using Spearman 978 

correlation analysis. The PI simulation yields north-south bidirectional correlation patterns 979 

between precipitation and δ18Op values, with significant negative correlations (≥ -0.8) over the 980 

Guinea Coast up to the Sahel (0-15 °N) and positive correlations (≥ 0.7) across the Sahara (Fig. 981 

12). The strong negative relationship along the coastal region towards the Sahel indicates the 982 

amount effect, as is expected based on previous studies (Lawrence et al., 2004; Rozanski et al., 983 

1993). Convective activity has been well established as the main factor driving the spatial and 984 

temporal patterns of the isotopic composition of precipitation and vapour (Lawrence et al., 2004; 985 

Risi et al., 2008; Bony et al., 2008). The reasons why an increase in precipitation amount results 986 

in the depletion of the heavy oxygen isotope across the WAM might be partially due to the fact 987 

that (1) the increase in rainfall amount moistens the atmosphere, which reduces rainfall re-988 

evaporation and diffusive fluxes, and ultimately results in lower δ18Op values in raindrops; (2) 989 

intense convective activity increases vertical mixing in the form of unsaturated downdrafts, so 990 

that the associated depletion of low-level vapour feeds into subsequent convective systems with 991 

lower δ18Op values (Lawrence et al., 2004; Risi et al., 2008). The change in correlation direction 992 

over the Sahara indicates that the "amount effect" is limited across the Sahel region, where the 993 

maximum rain belt is situated during the monsoon season. These changes are unsurprising, as the 994 

rainout of the moisture transported from the equatorial Atlantic Ocean would deplete the 995 

remaining air masses of heavy oxygen isotopes. However, during the retreat of the WAM, 996 

evaporative recycling provides a moist air mass with relatively enriched heavy oxygen isotopes 997 

that condense to rainfall. These changes suggest the influence of continental recycling on the 998 

isotopic patterns across the Sahel. Surface evaporative fluxes through continental recycling result 999 

in air masses that are less negative than oceanic fluxes (Risi et al., 2013). Moreover, the warmer 1000 

and drier conditions across the Sahara would contribute to more re-evaporation of falling vapour, 1001 

leading to an enrichment in the heavier isotope in relation to the source (Risi et al., 2008). The 1002 

LGM and MP simulations indicate similar correlation dipole patterns across the WAM, but the 1003 

positive relationship across the Sahara in the MP is less significant (Fig. 12). Nevertheless, the 1004 

correlation patterns in the MH indicate an overall negative link across the whole WAM region, 1005 

suggesting that the amount effect predominantly controls the oxygen isotopic patterns. The 1006 

changes in the correlation structure across different past climates suggest the non-stationarity of 1007 

the controlling mechanism across the WAM areas. 1008 

The correlation analyses for δ18Op and temperature yield fewer regions with significant 1009 

correlation due to the predominant influence of precipitation amount on δ18Op during the WAM 1010 

season. The analysis indicates positive correlation patterns over the Sahara, which extends 1011 

further northward in the MP. The expanded area of positive correlation in the MP highlights the 1012 

importance of continental recycling during the retreat of the WAM. These patterns also validate 1013 
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the wider spread of precipitation during the retreat months in the MP (Fig. 6 d), which has also 1014 

been suggested in previous studies (Berntell et al., 2021). Although this analysis is limited to 1015 

empirical evidence that does not consider causal mechanisms, the results clearly indicate that 1016 

proxy reconstructions must efficiently understand the regional climatic influence on various 1017 

proxy records. This would help resolve the inaccuracies in paleoclimate and paleoenvironment 1018 

reconstructions that assume the stationarity of the calibrated transfer function (e.g., Kolstad & 1019 

Screen, 2019; Raible et al., 2014). The comparison of the simulated isotopic values to proxy 1020 

records and the investigation of the causal mechanisms leading to the available proxy records is 1021 

beyond the scope of this study. 1022 
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Figure 12. Spearman correlation coefficients for the relationship between the simulated monthly 1024 

δ18Op and precipitation amount (right panel) and temperature (left panel) during the WAM 1025 

months (JJAS). The dot stippling represents the regions with significant correlation coefficients 1026 

with a 95% confidence interval. The correlations' magnitude and spatial patterns are not 1027 

stationary in response to the different climates. For example, the bi-directional north-south 1028 

δ18Op-precipitation relation transitions to an overall negative relationship in the Mid-Holocene 1029 

(MH). 1030 

5.3 Atmospheric dynamics driving the simulated WAM changes 1031 

Overall, the response of the WAM to GHG forcing, vegetation changes, and orbital 1032 

forcing is mostly associated with the changing meridional temperature gradient. A more 1033 

pronounced gradient drives the increased intensity and higher altitude reach of the low-level 1034 

southwesterlies and a more northward position of the ITD and AEJ. On the other hand, the 1035 

weakening of the WAM in response to colder conditions can be attributed to the weak or non-1036 

existent meridional temperature and pressure gradient. This less pronounced gradient would lead 1037 

to moisture transport into the continent and into the troposphere to suppress the wind shear of the 1038 

AEJ. We discuss these simulated dynamics in the context of what has been suggested in previous 1039 

studies, while also highlighting the new findings. 1040 

The pronounced summer meridional temperature and pressure patterns in the MH and 1041 

MP climates are consistent with the PMIP4 model results (e.g., Berntell et al., 2021; Brierley et 1042 

al., 2020; Kageyama et al., 2021). These temperature anomalies reflect the patterns of increased 1043 

precipitation, namely wetter conditions across the Sahel to coastal regions in the MH and MP. 1044 

The warming over the high latitudes deepened the Sahara Heat Low, inducing low-level moisture 1045 

convergence and strengthening the south-westerly flow that transports moisture from the 1046 

equatorial Atlantic into the continent (Lavaysse et al., 2009). In the MH, the warming across the 1047 

Sahara and the cooling over the Sahel are more intense than in the MP. The increased insolation 1048 

across the Northern Hemisphere was the main driver of the intense warming across the Sahara. 1049 

On the other hand, the cooling over the Sahel is partly due to the cloudiness associated with 1050 

increased precipitation due to enhanced moisture flux into the Sahel areas. Another factor may 1051 

be the increased evaporative fraction (Fig. S8) and upward latent heat flux (Fig. 11), which 1052 

moisten the soil and reduce the energy available to heat the near-surface air through sensible heat 1053 

flux. These mechanisms (a) cool the surface where precipitation increases and (b) further 1054 

strengthen the north-south gradient to drive moisture advection into the WAM region. This 1055 

feedback indicates that moisture advection strengthens the WAM more than local recycling does 1056 

(Marzin & Braconnot, 2009; Y. Zhao et al., 2005). However, the internal feedback reinforces the 1057 

pressure gradient and determines the northward migration of the WAM through evaporative 1058 

recycling. In the MP, the seasonal precipitation distribution indicates a delayed WAM retreat 1059 

with more precipitation during the southward retreat months than in the MH. Such precipitation 1060 

seasonality highlights the role of internal feedback since the evaporative recycling supplies more 1061 

moisture during the retreat months. Furthermore, cooling across the Sahel in the MP is more 1062 

significant toward the east. These patterns coincide with the relative increase in upward latent 1063 

heat flux toward the east, suggesting more moisture availability through local feedback to 1064 

strengthen the cooling (Fig. 11). Even though the MP has higher atmospheric CO2 with an 1065 

enhanced hydrological cycle, this study reveals that the orbital forcing and expanded vegetation 1066 

in the MH produces the highest intensity of the WAM. These imply that GCMs must adequately 1067 

represent these features to ensure accurate projections of the WAM in response to future climate 1068 
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change. In the LGM climate, the overall cooling and drying conditions prevent the initiation of a 1069 

meridional pressure gradient to drive moisture into the continent. This resulted in continuous 1070 

wind patterns from the Tropical Atlantic into the North Atlantic Ocean without diverging into the 1071 

continent, as suggested in previous studies (e.g., Jiang et al., 2015; Kageyama et al., 2021; Otto-1072 

Bliesner et al., 2006). Overall, the strengthening of the meridional temperature and pressure 1073 

gradient determines the intensity of the southwesterlies, northward migration of the WAM, and 1074 

its altitudinal reach, which affects the location of the ITD and AEJ. 1075 

The simulated intensity and location of the AEJ and its relationship to the strengthening 1076 

of the WAM suggest a complex causal mechanism. More specifically, the simulated core of the 1077 

AEJ is situated at higher latitudes (15-20°N) and altitudes (600-500 hPa) in summer during the 1078 

MH and MP than in the PI and LGM. These patterns are not surprising since the strengthened 1079 

WAM in these climates is associated with a more northward position of the ITD and deeper 1080 

monsoon depth (Janicot et al., 2011; Nicholson, 2009). Moreover, the surface temperature 1081 

gradient maintains the AEJ, along with two meridional circulations forced by the dry convection 1082 

of the Sahara Heat Low to the north and the moist convection driven by the ITCZ to the south 1083 

(Thorncroft & Blackburn, 1999; Wu et al., 2009). Usually, the monsoonal flow of the low-level 1084 

southwesterlies reaches far into the mid-troposphere to weaken the shear of the AEJ and shift it 1085 

to higher latitudes (Texier et al. 2000; Patricola and Cook 2007). However, the simulated intense 1086 

monsoonal flow due to the pronounced meridional temperature gradient in the MH induces high 1087 

AEJ intensity when compared to the MP. On the other hand, the reduced monsoonal flow 1088 

simulated in the LGM also results in an AEJ intensity that is higher than PI. These causal 1089 

relationship patterns indicate that the weakening of the AEJ is not entirely associated with the 1090 

strengthening of the WAM, especially when orbital forcings mainly control large-scale climatic 1091 

features. Therefore, the atmospheric dynamics response simulated in this study confirms that the 1092 

position of the AEJ is more important in strengthening the WAM than its intensity, as suggested 1093 

in previous studies (Jenkins et al., 2005; Nicholson, 2008; Nicholson & Grist, 2001; Nicholson & 1094 

Webster, 2007). These suggest that the intensity of the AEJ is an effect rather than a cause 1095 

(Newell & Kidson, 1984). The complexity of the causal relationship between AEJ and Sahel 1096 

rainfall and its varied feedback, as reported by some studies, might be due to its sensitivity to 1097 

localised conditions, which is represented differently in GCMs. For instance, Texier et al. 2000 1098 

and Patricola and Cook 2007 reveal that the decrease or even disappearance of the AEJ is 1099 

achieved when the GCM is coupled to a dynamic vegetation model. Contrarily, Texier et al. 1100 

2000 produced an increased AEJ located further north without dynamic vegetation feedback in 1101 

the model. 1102 

The simulated TEJ intensity shows consistent patterns of increasing shear due to wetter 1103 

conditions, as indicated by previous studies (e.g., Nicholson and Klotter 2021). The simulated 1104 

intensity in the MH and MP revealed no significant changes, but was higher than LGM and PI 1105 

(Fig. 10). The TEJ is mostly driven by large-scale remote features such as convective heating 1106 

over the North Indian Ocean and the Himalayan-Tibetan plateau (Gill, 1980). However, 1107 

Redelsperger et al. (2002) indicate that the latent heat release through convection over the WAM 1108 

can enhance upper-level shear, thereby intensifying the TEJ. The causal mechanisms through 1109 

which the intensified TEJ increases the Sahel rainfall have been proposed in many studies 1110 

(Lemburg et al., 2019). These include upper-level divergence (Nicholson & Grist, 2003), vertical 1111 

and horizontal shear and how it affects dynamic instabilities (Grist, 2002; Nicholson, 2008), and 1112 

the modulation of the equatorial Rossby wave activity (Yang et al., 2018). 1113 
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The results reveal both the localised and large-scale impacts of vegetation on 1114 

precipitation over the WAM areas in response to different climates. Generally, vegetation 1115 

influences the exchange of mass and energy between the land surface and the atmosphere 1116 

through the modulation of (1) surface albedo, influencing surface radiation, and (2) 1117 

evapotranspiration, influencing the partitioning of net radiation into surface heat fluxes. These 1118 

imply that land cover does not only affect surface climate but also influences atmospheric 1119 

convection and large-scale circulations and moisture fluxes, which create further feedback and 1120 

influence soil moisture and vegetation (Charney et al., 1977; Sylla et al., 2016). In this study, we 1121 

focus on analysing the influence of surface conditions through surface heat flux anomalies. 1122 

Previous modelling studies have highlighted the role of soil moisture and evapotranspiration in 1123 

the vegetation-precipitation feedback due to their effect on low-level moist static energy, 1124 

convective instability, and surface latent heat flux anomalies (Patricola & Cook, 2007; 1125 

Rachmayani et al., 2015). These feedback mechanisms have been shown to strengthen the 1126 

response of the WAM to external forcing in past warmer climates (e.g., Messori et al., 2019). 1127 

The expanded vegetation over the Sahara in the MH resulted in a pronounced upward latent heat 1128 

flux, further strengthening the WAM and the moisture influx through the vegetation-albedo 1129 

feedback (e.g., Bonfils et al., 2001; Levis et al., 2004). The less expanded vegetation in the MP 1130 

also strengthened the WAM and contributed to the increased precipitation in the retreat months 1131 

of the WAM, even though the meridional pressure gradient was weaker than in the MH. Previous 1132 

studies have indicated wetter conditions and a northward migration of the WAM that is driven by 1133 

the cyclonic moisture flux anomaly over North Africa due to expanded vegetation into the 1134 

Sahara region (Chandan & Peltier, 2020; Pausata et al., 2020; Swann et al., 2014). Since the 1135 

various atmospheric dynamics and surface conditions had a unidirectional influence on the 1136 

WAM, isolating the impact of vegetation, a local amplifier forced by other large-scale features 1137 

(e.g., Klein et al., 2017; Messori et al., 2019), would require further sensitivity experiments. 1138 

5.4 Comparison of model estimates to proxies 1139 

Comparing modelled paleoclimate to proxy reconstructions over Africa is often 1140 

challenging, because of the varying representation of relevant atmospheric processes in different 1141 

GCMs, and high spatial variability of proxy signals (e.g., deMenocal et al., 2000; Harrison et al., 1142 

2014; Pausata et al., 2016; Tierney et al., 2017; Hopcroft and Valdes, 2019). Moreover, the 1143 

relatively low availability of paleohydrological records over Africa precludes a robust model-1144 

data comparison (e.g., Salzmann et al., 2008, 2013). The sparsity of proxies also prevents the 1145 

merited direct comparison of simulated isotopic composition with past isotopic archives. Here, 1146 

we focus on the MH model-data comparison due to the relatively large number of proxy 1147 

reconstructions available and the ongoing debate about the northward migration and 1148 

intensification of the WAM during the African Humid Period (e.g., Pausata et al., 2020). The 1149 

sparse tropical African proxy records for the LGM reported in previous studies have shown 1150 

consistent cooling and drying conditions. It has been suggested that the dryness induced a 1151 

downward elevational shift of broadleaved evergreen or warm mixed forest and the enrichment 1152 

of steppe into regions now occupied by tropical forests (e.g., Elenga et al., 2000). The 1153 

reconstructed proxy records over North Africa during the MP consistently suggested more humid 1154 

conditions. More specifically, palynological data reveals denser tree cover and expanded 1155 

woodland and savanna at the expense of deserts over North Africa (Bonnefille, 2010; Salzmann 1156 

et al., 2008). Such vegetation expansion patterns are consistent with the only dynamic vegetation 1157 

GCM output participating in PlioMIP2 (Stepanek et al., 2020). Moreover, multi-proxy records, 1158 
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including plant wax and dust from marine sediment cores from offshore West Africa, suggest 1159 

consistent wetter conditions in the MP (deMenocal, 2004; Kuechler et al., 2018). These 1160 

reconstructed patterns are consistent with the more humid and dryness simulated for the LGM 1161 

and MP. 1162 

 1163 

Figure 13. Comparison of the mean annual precipitation (MAP) anomalies of the latitudinal 1164 

extent of WAM in the Mid-Holocene for all models (ECHAM5-wiso (black) and PMIP4 models) 1165 

to proxies reconstruction from Bartlein et al., (2011). The black shadings denote one standard 1166 

deviation value from the regional means of the ECHAM5-wiso simulation. The error bars of the 1167 

proxies represent the standard errors of the precipitation reconstructions. 1168 

In the remainder of this section, we compare the simulated latitudinal variation of Mean 1169 

Annual Precipitation (MAP) during the MH to pollen-based reconstructions by Bartlein et al. 1170 

(2011). Overall, the simulated MAP magnitudes and latitudinal distribution by ECHAM5-wiso 1171 

are closer to the proxy reconstructions than the PMIP4 models (Fig. 13). More specifically, the 1172 

ECHAM5-wiso inter-annual means of the WAM’s northward extent compare well to the lower 1173 

latitudes pollen-based estimates over the Sahara with regards to the magnitude of changes and 1174 

the patterns from the Sahel towards the tropical ocean. However, all models (i.e., PMIP4 models 1175 
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and ECHAM5-wiso) failed to match the magnitudes of the proxy-based MAP increase over the 1176 

high latitudes of the Sahara. The simulated MAP increase over the Sahara was 100-300 mm/year 1177 

less than the proxy reconstruction. It is important to note that the calculated MAP anomalies used 1178 

present-day CRU observation data as a reference period for the proxies, while the GCMs used 1179 

their PI simulations. Although the different reference periods can contribute slightly to the 1180 

discrepancies, the magnitude of the difference is large enough to acknowledge significant 1181 

deviations and thus potential limitations of either the GCMs or the proxy-based reconstructions. 1182 

The simulated ECHAM5-wiso anomalies during the monsoon season indicated wetter conditions 1183 

up to 25 °N, with increased precipitation anomalies of approximately 700 mm/year (Fig. 3). This 1184 

suggests a potential overestimation of precipitation anomalies from the pollen-based records on 1185 

the annual scale due to their potentially biased representation of the dry seasons across the 1186 

Sahara. In addition to the pollen-based reconstructions, other diverse archives over West Africa 1187 

estimate precipitation differences in the range of 300-500 mm/month, which are within the range 1188 

of our model estimates (Harrison et al., 2014; Kröpelin et al., 2008; Tierney et al., 2017). On the 1189 

other hand, recent reconstructions of leaf wax-alkane records off the coast of northern Africa 1190 

suggest MAP of higher than 700 mm/year as far north as 31°N, implying an expansion of the 1191 

WAM in the MH to 15-20° north of its present-day extent (Sultan & Janicot, 2003; Tierney et 1192 

al., 2017). Sha et al. (2019) interpreted their Moroccan speleothem at 31°N with high negative 1193 

δ18O of carbonate records as a high rainfall signal created by the expansion of the WAM during 1194 

the MH. Paleoenvironment reconstructions also reflect wetter conditions in the MH with higher 1195 

lake levels and moisture-demanding biomes across North Africa (Kohfeld & Harrison, 2000; 1196 

Peyron et al., 2006; H. Wu et al., 2007). Vegetation reconstructions suggest a northward shift of 1197 

montane forest and a major extension of the tropical rainforest over North Africa (Jolly et al. 1198 

1998; Prentice et al. 2000). 1199 

Overall, the model-proxy comparison reveals that all the adopted GCMs show limited 1200 

skill in reproducing the northward migration of the WAM and associated rainfall increase over 1201 

the Sahara. This suggests that the shortcomings leading to these discrepancies are shared by all 1202 

models and are not GCM-specific. The WAM dynamics are sensitive to the representation of 1203 

climate physics in the GCMs. Their limitations include inaccuracies in representing clouds, 1204 

surface conditions (e.g., lakes and wetlands), energy fluxes, and subgrid-scale convection 1205 

parameterisation. Additionally, the coarse spatial resolution of GCMs weakens their ability to 1206 

reproduce the mesoscale convection systems that are the main driver for the WAM. Previous 1207 

studies have also indicated that fully coupled models exhibit biases in reproducing the tropical 1208 

Atlantic dynamics, leading to elevated sea surface temperatures and a weakened monsoonal 1209 

circulation (Roehring et al., 2013). In this study, the high spatial resolution of the ECHAM5-1210 

wiso experiment contributed to a better representation of surface conditions, such as orography. 1211 

Furthermore, the model was prescribed MH vegetation reconstruction. Contrarily, the PMIP4 1212 

models are fully coupled (atmosphere-ocean), incorporating ocean variability feedback, and 1213 

some consider dynamic vegetation feedback. Since all models, i.e. both ECHAM5-wiso and the 1214 

PMIP models, exhibit the above-mentioned deviations from proxy reconstructions, we propose 1215 

that the limitations are neither related solely to spatial resolution nor the use of fully coupled 1216 

models. Harrison et al. (2015) suggests the simulated biases of the PI control experiments of the 1217 

PMIP4-CMIP6, which indicate a more equatorward ensemble mean of the global monsoon when 1218 

compared to observations. Previous models have also shown that atmosphere-vegetation 1219 

feedback contributes to the northward extent of the WAM, but still underestimates the higher 1220 

latitude precipitation amount from the leaf wax n-alkanes (Dallmeyer et al., 2020; Pausata et al., 1221 
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2016; Thompson et al., 2019). Rachmayani et al. (2015) demonstrated that dynamic vegetation 1222 

enhances the orbitally driven increase in precipitation anomalies over West Africa by 20% when 1223 

compared to models using fixed vegetation. However, their models with terrestrial and ocean 1224 

feedback still did not reach the level of vegetation coverage suggested by proxies. 1225 

Recent studies have demonstrated that incorporating dust feedbacks associated with the 1226 

Green Sahara in the MH orbitally driven climate further enhances the northward reach and 1227 

intensification of the WAM (e.g., Thompson et al., 2019; Pausata et al., 2016; Hopcroft and 1228 

Valdes, 2019; Egerer et al., 2018) and better matches the paleoclimate reconstructions. This is 1229 

because the albedo-related feedback causes a reduction of dust concentration and changes in soil 1230 

properties over the vegetated Sahara, which induce an increase in incoming shortwave radiation 1231 

on the land surface, strengthening the warming over the Sahara. This further strengthens the 1232 

meridional temperature gradient and tropical circulation and then intensifies the WAM (Chandan 1233 

and Peltier, 2020; Pausata et al., 2016). Pausata et al. (2016) demonstrated the northward extent 1234 

of the WAM up to 31°N in the MH with a model forced with prescribed vegetation and reduced 1235 

dust concentrations, while the prescribed vegetation only reached ~26°N. These suggest that 1236 

simulating vegetation feedback with interactive dust dynamics on a high spatial resolution grid 1237 

would improve the representation of the MH. However, the state-of-art GCMs would require 1238 

improvement of their physical representation of dust dynamics, since they fail to reproduce dust 1239 

emission and transport (Evan et al., 2014; Kok, 2010; Leung et al., 2023; A. Zhao et al., 2022). 1240 

On the other hand, the plausible non-stationarity of the pollen-precipitation transfer function due 1241 

to changes in past climate dynamics from present conditions can also contribute to the mismatch 1242 

between climate simulation and paleoclimate reconstructions. Therefore, using a multi-proxy 1243 

system with varied causal mechanisms could ensure an accurate representation of the WAM 1244 

complex dynamics. 1245 

6 Conclusions 1246 

This study presents new and existing climate model simulations of the WAM and 1247 

associated features in the Late Cenozoic (i.e. the PI, MH, LGM and MP). More specifically, the 1248 

study presents an overview of the hydroclimate changes over West Africa and highlights the 1249 

components of the regional climate system that are important for generating accurate projections 1250 

of future climate. The paleoclimate experiments were conducted using the isotope-tracking 1251 

model (ECHAM5-wiso).  The simulated results are similar to the CMIP6-PMIP4 experiments 1252 

and proxy reconstructions over West Africa. However, our simulations also show some 1253 

improvement over previous experiments, and yield new insights. We summarise the key results 1254 

as follows: 1255 

1. A comparison between the present-day ECHAM5-wiso simulation and observation-1256 

based datasets (i.e., ERA5 and CRU precipitation and temperature datasets) demonstrates the 1257 

model’s ability to represent the atmospheric dynamics over West Africa reasonably well. 1258 

2. The ECHAM5-wiso paleoclimate simulations produce the most intense WAM during 1259 

the MH, despite the MP’s more enhanced hydrological cycle. In comparison, some of the 1260 

CMIP6-PMIP4 models suggest the highest intensification of the WAM in the MH (e.g., GISS-1261 

E2-1-G), while others suggest the MP (e.g., EC-Earth3-LR). 1262 

3. The intensification of the WAM is associated with a pronounced meridional gradient, 1263 

northward position of the ITD, northward reach of the core of the AEJ, higher altitudinal reach of 1264 
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the WAM (deeper monsoon depth), and higher moisture recycling through surface heat fluxes 1265 

due to vegetation across the Sahel-Sahara region. Most importantly, the AEJ is not entirely 1266 

responsible for the strengthening of the WAM, especially when large-scale features are 1267 

predominantly controlled by orbital forcings, as is the case in the MH. This needs to be well-1268 

represented in GCMs to ensure realistic and accurate future projections. 1269 

4. The simulation of the patterns and magnitude of δ18Op values and associated regional 1270 

climate elements (e.g., temperature and precipitation) during the monsoon season reveal a non-1271 

stationarity of their relationship throughout the late Cenozoic. Their changing relationships stress 1272 

the need to understand the causal mechanisms for each proxy system and refine their transfer 1273 

function to ensure accurate proxy-based reconstructions. 1274 

5. ECHAM5-wiso simulates the higher precipitation rates over the WAM region in the 1275 

MH than the CMIP6-PMIP4 models. Since our model uses a more accurate vegetation 1276 

reconstruction and a higher resolution, we propose that a greater consideration of vegetation 1277 

feedbacks, and sub-grid processes will increase other models’ representation of West African 1278 

climate during the MH.  1279 

6. All models still underestimate the northward extent of the WAM, as reconstructed with 1280 

proxies. If proxy reconstructions are taken as accurate, this suggests that the representation of 1281 

additional climate processes, such as dust loading, interactive vegetation, and surface conditions, 1282 

such as lakes, will have to be improved to ensure a more realistic prediction of the WAM’s 1283 

northward extent. 1284 
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Abstract 25 

This study presents an overview of the Late Cenozoic evolution of the West African Monsoon 26 

(WAM), and the associated changes in atmospheric dynamics and oxygen isotopic composition 27 

of precipitation (δ18Op). This evolution is established by using the high-resolution isotope-28 

enabled GCM ECHAM5-wiso to simulate the climatic responses to paleoenvironmental changes 29 

during the Mid-Holocene (MH), Last Glacial Maximum (LGM), and Mid-Pliocene (MP). The 30 

simulated responses are compared to a set of GCM outputs from Paleoclimate Model 31 

Intercomparison Project phase 4 (PMIP4) to assess the added value of a high resolution and 32 

model consistency across different time periods. Results show WAM magnitudes and pattern 33 

changes that are consistent with PMIP4 models and proxy reconstructions. ECHAM5-wiso 34 

estimates the highest WAM intensification in the MH, with a precipitation increase of up to 150 35 

mm/month reaching 25°N during the monsoon season. The WAM intensification in the MP 36 

estimated by ECHAM5-wiso (up to 80 mm/month) aligns with the mid-range of the PMIP4 37 

estimates, while the LGM dryness magnitude matches most of the models. Despite an enhanced 38 

hydrological cycle in MP, MH simulations indicate a ~50% precipitation increase and a greater 39 

northward extent of WAM than the MP simulations. Strengthened conditions of the WAM in the 40 

MH and MP result from a pronounced meridional temperature gradient driving low-level 41 

westerly, Sahel-Sahara vegetation expansion, and a northward shift of the Africa Easterly Jet. 42 

The simulated δ18Op values patterns and their relationship with temperature and precipitation are 43 

non-stationarity over time, emphasising the implications of assuming stationarity in proxy 44 

reconstruction transfer functions.  45 

Plain Language Summary 46 

We use a global climate model to simulate how the West African Monsoon and related climate 47 

elements changed over the Late Cenozoic (from ca. 3 million years ago to now). We use a single, 48 

high-resolution model to calculate these changes for the Mid-Holocene, Last Glacial Maximum 49 

and Mid-Pliocene time periods. We then compare our results to already existing simulations to 50 

find out if there are any benefits to using a single, high-resolution model set-up. Overall, our 51 

simulations are similar to previous simulations and other climate reconstructions. However, our 52 

results also yield two important new findings: 1) our simulations reproduce some aspects of the 53 

monsoon better than previous simulations; 2) the chemical composition of rainwater, which is 54 

used by geologists to reconstruct climate, is impacted by more factors than previously assumed. 55 

This makes it more challenging to create reliable reconstructions of climate from geological 56 

records of rainwater composition. 57 

1 Introduction 58 

Understanding the complex climate dynamics and variability over West Africa has been a 59 

pertinent concern due to its strong environmental and socio-economic impacts. This is especially 60 

important since most West African countries rely on a rainfed agriculture economy (Sultan et al., 61 

2005). Most importantly, the long-lasting multidecadal wet and dry periods during the 20th 62 

century emphasise the need to understand the long-term and future variability of the West 63 

African Monsoon (WAM) system. This requires knowledge about the response of the WAM 64 

dynamics to changes in internal feedbacks and external forcings, such as orbital parameters, 65 

atmospheric greenhouse gases, and vegetation distribution.  Considering past climate change 66 

outside the recent observational period can provide valuable insights into that. More specifically, 67 

time periods with atmospheric CO2 concentrations (pCO2) and palaeogeography similar to the 68 
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present day can serve as analogue for a possible future climate in which all forcings have had 69 

their full effect. This would require looking back 3 million years in Earth’s history (Burke et al., 70 

2018). Therefore, this study focuses on a model-based exploration of the evolution of the WAM 71 

from the Mid-Pliocene (MP: ~3 Ma) to the present-day, considering the Last Glacial Maximum 72 

(LGM: ~21 ka), and Mid-Holocene (MH: ~6 ka) as important intermediate time steps. 73 

Due to the complicated dynamics and teleconnections of the WAM, state-of-art General 74 

Circulation Models (GCMs) still fall short in accurately reproducing its past variability and 75 

providing consistent future projections (Biasutti, 2013; Pausata et al., 2016; Tierney et al., 2017). 76 

Improving the representation of the WAM system in climate models requires knowledge about 77 

its sensitivity to various global and regional paleoenvironment forcings and feedbacks. This 78 

knowledge can help identify the elements that need improvement in GCMs to ensure more 79 

reliable predictions of the WAM in the future. For instance, the response of the WAM dynamics 80 

to orbitally driven seasonal and latitudinal distribution of incoming solar radiation can be 81 

evaluated under MH conditions (Joussaume et al., 1999; Kutzbach & Liu, 1997). The LGM 82 

provides an opportunity to study the response of the WAM to the most recent global cold 83 

extreme, characterised by extensive ice sheet coverage and low pCO2 concentrations (e.g., 84 

Bereiter et al., 2015). The long-term sensitivity of the WAM to pCO2 concentrations similar to 85 

the present, along with a less arid Sahara and a globally enhanced hydrological cycle, can also be 86 

assessed under MP paleoenvironment conditions (Corvec & Fletcher, 2017; H. Dowsett et al., 87 

2010; Alan M. Haywood et al., 2020; U. Salzmann et al., 2008). 88 

Despite the challenges in replicating the entirety of past climate changes with GCMs 89 

under appropriate paleoenvironmental conditions (Pascale Braconnot et al., 2012; Harrison et al., 90 

2015), comparing the simulated responses from different climate models would shed more light 91 

on the inadequate representation of feedbacks and model biases that can be improved for future 92 

climate predictions (e.g., Zheng & Braconnot, 2013). Furthermore, such inter-model comparison 93 

across multiple past climates would help determine if the systematic model biases affect the 94 

overall strength of the responses and feedbacks in the different climates and help evaluate if such 95 

biases are GCM-specific or exist independently of the GCM that is used. 96 

Numerous modelling studies have simulated the precipitation changes associated with the 97 

WAM in response to multiple forcings and climate states during the Late Cenozoic (e.g., Berntell 98 

et al., 2021; Weldeab et al., 2011; Zheng & Braconnot, 2013). However, the differences between 99 

the simulations, such as spatial resolution, boundary conditions, and the complexity of the GCM, 100 

make it difficult to identify the predominant atmospheric dynamics behind the WAM 101 

precipitation changes. For instance, model-dependent uncertainties of the individual GCMs that 102 

simulated these climates in previous studies may not fully capture certain components of the 103 

WAM system, which can amplify the systematic biases related to the sensitivity to various 104 

forcings or external perturbations across different climates. Moreover, GCMs with varied spatial 105 

resolutions and parameterisations of clouds, atmospheric dynamics, hydrological cycles, and 106 

atmosphere-land surface interactions would simulate distinct responses of the WAM to different 107 

forcings, leading to inconsistent patterns of WAM dynamics. Aside from these, only a few 108 

studies have comprehensively delved into atmospheric dynamics and teleconnections behind the 109 

changes in precipitation patterns and magnitudes under different paleoenvironmental conditions 110 

throughout the Late Cenozoic (e.g., Bosmans et al., 2012; Gaetani et al., 2017; Patricola & Cook, 111 

2007; Su & Neelin, 2005). Furthermore, previous studies have highlighted that monsoons and 112 

related circulations, such as the Inter Tropical Convergence Zone (ITCZ), are better resolved at 113 
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higher resolutions, including improved topographical representation and model parameterisation 114 

(Bosmans et al., 2012; Gao et al., 2006; Jungandreas et al., 2021). This study addresses the 115 

points above by providing details about the WAM atmospheric dynamics across these past 116 

climates using a consistent modelling framework with a high-resolution isotope-enabled GCM. 117 

Geological archives can record information about various paleoenvironmental changes in 118 

the climate system over time. They can therefore be used for model-data comparisons and as a 119 

benchmark for climate models (Pascale Braconnot et al., 2012; I. Harris et al., 2014; Harrison et 120 

al., 2015). However, the scarcity of palaeohydrological records over Africa and the spatial 121 

resolution of climate models preclude the robust model-data comparison necessary for improving 122 

climate models (e.g., Salzmann et al., 2008, 2013). Several problems for data-model persist in 123 

this region.  For instance, proxy-based reconstructions using pollen, past lake levels, leaf wax 124 

isotopes, and other records have suggested significantly wetter conditions across the Sahel and 125 

Sahara during the MH (e.g., Bartlein et al., 2011; Tierney et al., 2017). However, most climate 126 

models struggle to replicate the extent and magnitude of precipitation changes indicated by these 127 

proxy records despite accounting for factors like increased insolation, altered land surface 128 

condition (e.g., vegetation, lakes, orography, soil moisture), reduced dust emissions, 129 

atmospheric-ocean interactions, and atmospheric dynamics (P. deMenocal et al., 2000; Harrison 130 

et al., 2014; Hopcroft & Valdes, 2019; Pausata et al., 2016; Tierney et al., 2017). 131 

While proxy records point to varying increases in precipitation levels over North Africa's 132 

higher latitudes, climate models estimate a more moderate WAM intensification, 133 

underestimating both the northward extent and magnitude of precipitation increase suggested by 134 

the proxies. If the proxy data is a well-collected, representative sample, there are two possible 135 

model-related reasons for this mismatch: (1) The climate models simply do not capture the 136 

atmospheric processes in the region well enough to accurately model said hydroclimate changes. 137 

(2) Proxy system models, which allow the conversion of the proxy signal to a paleoclimate 138 

signal, are flawed. Proxy system models rely on calibrations based on modern-day observations, 139 

such as the spatial correlation between water isotopes and precipitation. These are used to 140 

establish a transfer function that allows a proxy-to-climate signal conversion. This signal 141 

transformation assumes that the transfer functions are stationary in time, i.e. that modern 142 

correlations are equally valid for past climates. This study uses an isotope-enabled GCM to 143 

decipher atmospheric dynamics driving WAM changes and to explore their impacts on water 144 

isotopologues under various past global changes. This allows for the testing of this assumption of 145 

the stationarity of the transfer function. Furthermore, such an analysis facilitates a direct model-146 

isotope proxy comparison and contributes to understanding the general causal mechanisms 147 

behind the variability in different proxy materials (Bühler et al., 2022; Phipps et al., 2013; Risi et 148 

al., 2012; Werner et al., 2000). 149 

This study provides the first overview of the changes of the WAM and its associated 150 

atmospheric dynamics in response to multiple forcings and feedbacks during the Late Cenozoic, 151 

using the high-resolution isotope-enabled GCM ECHAM5-wiso. More specifically, the study 152 

addresses the following specific objectives: (1) systematically simulating the responses of the 153 

WAM patterns and magnitude to the various paleoenvironment conditions, including changes in 154 

vegetation, orbital forcings, ice sheet extent, and atmospheric CO2 concentrations; (2) 155 

investigating the atmospheric dynamics driving the simulated WAM changes, such as moisture 156 

transport (e.g., low-level southwesterlies), Africa Easterly Jet (AEJ), Tropical Easterly Jet (TEJ), 157 

Sahara Heat Low (SHL) and surface heat fluxes; and (3) exploring the simulated δ18Op values 158 
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and how they are influenced by near-surface temperature and precipitation in response to the 159 

different boundary conditions. We further compare the simulated changes of the WAM to some 160 

of the state-of-the-art models that participated in the Paleoclimate Model Intercomparison 161 

Project (PMIP4) phase 4 to evaluate the added values of using a consistent, high-resolution 162 

modelling framework to understand the complex climate system over West Africa and improve 163 

its representation in Earth system models. 164 

2 Background 165 

2.1 On the intensification and northward extent of the West African Monsoon during the 166 

Mid-Holocene 167 

During the early-to-middle Holocene, spanning from 11,000 to 5,000 years before the 168 

present, the arid landscapes of the Sahel and Sahara regions transformed into shrubs, grasslands, 169 

and water bodies like rivers and lakes (Armitage et al., 2015; Claussen et al., 1999; P. deMenocal 170 

et al., 2000; Holmes, 2008; Kohfeld & Harrison, 2000). The development of this “Green Sahara” 171 

was attributed to changes in the insolation cycle, which intensified the equator-to-pole gradient 172 

and land-sea thermal contrasts and ultimately lead to an increase in rainfall across the Sahel-173 

Sahra. The associated pressure gradient facilitated the moisture transport from the equatorial 174 

Atlantic into the continent. Overall, the changes in the orbital cycles and expansion of vegetation 175 

across the Sahel-Sahara caused the strengthening of the WAM and its northward extent (Gaetani 176 

et al., 2017; Patricola & Cook, 2007). This WAM intensification and northward migration have 177 

been reflected in many proxy systems such as paleo-lake levels (Hoelzmann et al., 1998; Prentice 178 

et al., 2000), leaf wax, and aeolian deposits in sedimentary cores from the Eastern Atlantic (P. 179 

deMenocal et al., 2000; Tierney et al., 2017) and archaeological findings that indicate human 180 

habitation (Cremaschi & Di Lernia, 1999; Dunne et al., 2012; Gabriel, 1987; Hoelzmann et al., 181 

2001; Manning & Timpson, 2014; Sereno et al., 2008). However, state-of-art climate models still 182 

struggle to replicate the level of intensification and the northward reach as suggested by the 183 

different proxies, even when appropriate boundary conditions are prescribed (P. deMenocal et 184 

al., 2000; Harrison et al., 2014; Hopcroft & Valdes, 2019; Kutzbach & Liu, 1997; Pausata et al., 185 

2016; Tierney et al., 2017). For instance, MH simulations in PMIP3-CMIP5 experiments 186 

estimate a precipitation increase of ~ 400 mm/year over West Africa, with a northward shift that 187 

is underestimated by 20°N when compared to proxy reconstructions (Perez-Sanz et al., 2014). 188 

Thompson et al. (2021) utilised a water isotope-enabled Earth system model (iCESM1) that 189 

exhibited enhanced MH precipitation compared to PI conditions, and a northernmost WAM shift 190 

of approximately 24°N, which aligns with reconstructions from pollen and dust records (23-191 

28°N). Most of these models, however, lack vegetation feedback or appropriate prescribed MH 192 

vegetation reconstruction, which is crucial for sustaining the WAM's northward extension 193 

through vegetation-precipitation feedback (Otto-Bliesner et al., 2017; Pausata et al., 2016; 194 

Tierney et al., 2017). Rachmayani et al. (2015) demonstrated that using dynamic vegetation-195 

coupled GCMs enhances the orbitally-induced precipitation increase by 20% over West Africa 196 

compared to fixed vegetation GCMs. 197 

Recent studies have also highlighted that accounting for dust feedbacks related to the 198 

Green Sahara during the MH can further intensify and expand the WAM, aligning it more with 199 

proxy reconstructions (e.g., Egerer et al., 2018; Hopcroft & Valdes, 2019; Pausata et al., 2016; 200 

Thompson et al., 2019). These findings indicate that the discrepancies between the model and 201 

proxy reconstructions are due to the inadequate representation of certain atmospheric physics, 202 
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such as inaccurate cloud representation, energy fluxes, subgrid-scale convection, and surface 203 

conditions in the GCMs. Moreover, the coarse spatial resolution of GCMs fails to capture meso-204 

to-local-scale processes like mesoscale convective systems (e.g., Baidu et al., 2022; Crook et al., 205 

2019; Marsham et al., 2013), potentially contributing to further biases. Thus, understanding the 206 

mechanics and dynamics underlying vegetation feedback and natural variability in insolation 207 

cycles driving the WAM's northward migration during the MH is crucial for evaluating GCM 208 

performance in future projections. While these forcing mechanisms are not linked to 209 

anthropogenic emissions, evaluating and improving the GCMs’ representation of climate system 210 

dynamics and feedbacks is vital for future climate change projections. 211 

2.2 Large-scale feature of the Last Glacial Maximum and its influence on the West 212 

African Monsoon 213 

The LGM (~21,000 years BP) is a time period that is suitable for assessing the 214 

capabilities of state-of-the-art models due to its starkly different conditions from the present, 215 

such as lower atmospheric CO2 levels (~185 ppm) and eustatic sea levels (~115 to 130 m below 216 

present) (Lambeck et al., 2014; Peltier & Fairbanks, 2006). The extensive continental ice sheets 217 

led to significant perturbations in atmospheric radiative forcing and circulation patterns, 218 

contributing to alterations in precipitation and temperature that were generally drier and colder 219 

than pre-industrial conditions (Clark et al., 2009; D’Agostino et al., 2019, 2020). Since the LGM, 220 

the Earth's global mean temperature has risen by approximately 4 to 6 °C (Annan & Hargreaves, 221 

2013, 2015; Friedrich et al., 2016), which is of the same order of magnitude increase projected 222 

under moderate to high emission scenarios for near-future climate change. Due to this similarity 223 

in global forcing and temperature response from the LGM to the present, and the present to the 224 

near future, the LGM is a relevant period to examine (e.g., Brady et al., 2013; Yoshimori et al., 225 

2009). Furthermore, the interactions between temperature-driven and circulation-driven regional 226 

precipitation patterns in response to LGM conditions would help evaluate the ability of climate 227 

models to project precipitation under future scenarios, where both thermodynamic and dynamic 228 

phenomena contribute to changes in the magnitude and seasonality of precipitation patterns (e.g., 229 

Boos, 2012; Lora, 2018; Scheff & Frierson, 2012). 230 

Prior studies have indicated a high sensitivity of Africa’s climate to rapid recurring ice 231 

sheet instabilities during the last glacial period (Adegbie et al., 2003; Stager et al., 2002, 2011; 232 

Weldeab et al., 2011). For example, the cold air temperatures over Greenland (Dansgaard-233 

Oeschger stadials) and the influx of meltwater into the North Atlantic during Heinrich events 234 

correlated with the rapid decline in precipitation across much of Africa (Blunier & Brook, 2001; 235 

Dansgaard et al., 1993; McManus et al., 2004). Previous modelling studies of PMIP phases 1 to 236 

4 indicated weakened atmospheric circulation and associated decreased precipitation over West 237 

Africa (Kageyama et al., 2021). However, a good understanding of the dynamics leading to the 238 

dryness across the WAM region is still lacking.  239 

Pollen-based reconstructions across the WAM and nearby offshore regions generally 240 

depict colder and drier conditions than the present (Bartlein et al., 2011). Although fully coupled 241 

atmosphere-ocean models can reasonably reproduce large-scale features of the LGM, several 242 

challenges remain with regard to the reconstruction of LGM topography and the assessment of 243 

inter-model biases for various climate feedbacks (Kageyama et al., 2021; Werner et al., 2018). 244 

Additionally, the spatial resolution of simulations has been identified as a crucial factor for the 245 

inter-model variabilities in LGM simulations, primarily due to the representation of ice sheet 246 
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topography (Kim et al., 2008; Shi et al., 2020). Overall, the complexity and diverse 247 

paleoenvironment of LGM conditions offers the opportunity to decipher the relative 248 

contributions of individual climate factors that influence precipitation changes across West 249 

Africa. 250 

2.3 Changes of the WAM in the Mid-Pliocene  251 

The MP (~3 Ma) is an important warm period for understanding the atmospheric 252 

dynamics of near-future climate change, because the Earth's geography was similar to the present 253 

and pCO2 approached present-day values (~400 ppm) (Badger et al., 2013; Bartoli et al., 2011; 254 

Harry Dowsett et al., 2016; Alan M. Haywood et al., 2020; Ulrich Salzmann et al., 2013; de la 255 

Vega et al., 2020). Additionally, the MP provides useful insights into climate feedbacks through 256 

the impact of the carbon cycle on geological times and is often considered an analogue for a 257 

near-future climate (Burke et al., 2018; Jiang et al., 2005). Climate models that participated in 258 

the PlioMIP (Pliocene Modelling Intercomparison Project) phases 1 and 2 indicate an increase of 259 

1.4 to 4.7 °C in global mean near-surface anomalies above the pre-industrial levels, along with 260 

an enhanced hydrological cycle and strengthened global monsoons (Haywood et al., 2013, 2020; 261 

Zhang et al., 2016).  262 

Proxy reconstructions suggest warm and humid conditions, and fewer deserts during the 263 

MP. Boreal forests and grasslands expanded into high northern latitude regions that are currently 264 

covered by tundra (Salzmann et al., 2008). Dust records along the coast of West Africa indicate a 265 

strengthened WAM and wetter conditions over the Sahara (Kuechler et al., 2018; Salzmann et 266 

al., 2008). Palynological records also suggest an expansion of vegetation over the WAM region, 267 

with high tree cover density and widespread woodland and savanna over the Sahara (Bonnefille, 268 

2010; Salzmann et al., 2008).  269 

Although previous modelling studies indicated that high-latitude warming could lead to a 270 

decreased meridional temperature gradient and a weakened tropical circulation, the warming 271 

experienced in the Sahara region, along with the corresponding Sahara heat low, actually caused 272 

an increased influx of moisture from the tropical Atlantic Ocean, strengthening WAM (Corvec & 273 

Fletcher, 2017; Alan M. Haywood et al., 2020). More specifically, the PlioMIP2 models estimate 274 

an increase in precipitation anomalies in the range of 60-120 mm/month (Berntell et al., 2021), 275 

compared to a lesser increase of 30-60 mm/month from the PlioMIP1 (Ran Zhang et al., 2016). 276 

Even though similar magnitude of changes are predicted for the future, models are still limited in 277 

capturing rainfall variability over West Africa, and future projections of it are referenced with 278 

less confidence (Biasutti, 2013; Cook, 2008; Roehrig et al., 2013). Further work and model 279 

development is needed to understand climate feedback over West Africa under high atmospheric 280 

CO2 conditions. 281 

2.4 Stable oxygen isotopic signal as proxy for reconstructing the West African Monsoon 282 

Stable water isotopes serve as integrated tracers for diverse climate processes, and reflect 283 

changes in the water cycle (Craig & Gordon, 1965; Dansgaard et al., 1993). Consequently, they 284 

have been extensively used to investigate historical climate changes and characterise the current 285 

hydrological cycle. Reconstructions of the water cycle from proxy materials typically rely on 286 

modern calibrations. The modern spatial correlation between water isotopes and climate 287 

variables, such as precipitation amount or surface temperature, is used as a transfer function for 288 

reconstructing past climatic variations from proxies. For example, the oxygen isotopic 289 



manuscript submitted to JGR Atmospheres 

 

composition of precipitation (δ18Op) reconstructed from calcite in speleothems from (sub)tropical 290 

regions is interpreted to reflect past monsoon dynamics due to its relationship with precipitation 291 

amount, commonly known as the "amount effect" (e.g., Wang et al., 2001). However, these 292 

paleoclimate reconstructions from isotopic archives are compromised by changes in the transfer 293 

functions due to various non-linear climatic processes influencing the spatiotemporal variability 294 

of water isotopes, such as evaporative recycling, moisture transport pathways, source variation, 295 

vapour mixing, and precipitation dynamics (Bony et al., 2008; Risi et al., 2008, 2013). Hence, 296 

GCMs with explicit diagnostics of stable water isotopes can contribute to understanding their 297 

controlling mechanisms under different climatic conditions to ensure accurate paleoclimate 298 

reconstructions. Additionally, modelling the spatial representation of water isotopes in response 299 

to distinct past climate states aids in identifying potential non-stationarities in their relationships 300 

with climate elements like monsoon characteristics or precipitation amounts. While previous 301 

studies have employed water isotopes to understand present precipitation seasonality in West 302 

Africa (e.g., Risi et al., 2010) and even during the MH (Shi et al., 2023; Thompson et al., 2021), 303 

none have explored δ18Op changes in response to Late Cenozoic paleoenvironmental conditions 304 

or assessed how water isotopes correspond to the spatial variability of precipitation and 305 

temperature during the WAM season. 306 

 307 

 308 

3 Data and Methods 309 

3.1 ECHAM5-wiso General Circulation Model 310 

Global climate changes in response to late Cenozoic paleoenvironmental conditions (i.e., 311 

PI, MH, LGM, and MP) and present-day (PD) conditions were simulated using the isotope-312 

tracking climate model ECHAM5-wiso. ECHAM5 is the fifth generation of the well-established 313 

atmospheric general circulation model developed by the Max Planck Institute for Meteorology 314 

(Roeckner et al., 2003). It is based on the spectral forecast model of the European Centre of 315 

Medium Range Weather Forecast (ECMWF) (Simmons et al., 1989) and represents the climate 316 

system with prognostic equations and parameterisations. Compared to its previous version, the 317 

fifth version has improved the representation of land surfaces, shortwave radiation, cumulus 318 

convection, and other factors relevant to atmospheric dynamics across the monsoon region. 319 

Specifically, the model employs an implicit scheme for the coupling of land surfaces and the 320 

atmosphere, enabling synchronous calculation of surface fluxes due to unconditional stability 321 

(Roeckner et al., 2003). It also employs land surface parameters that effectively portray the 322 

global distribution of major ecosystem types (Hagemann, 2002). Furthermore, the model 323 

simulates clouds using prognostic equations for all water phases (vapour, liquid, and solid), bulk 324 

microphysics, and statistical cloud cover parameterisation (U. Lohmann & Roeckner, 1996; 325 

Tompkins, 2002). The version employed in this study has been expanded to include isotope 326 

tracking capabilities, enabling the simulation of the water’s isotopic composition as part of the 327 

hydrological cycle (Werner et al., 2011). The incorporated water isotopologues (i.e., H2
16O, 328 

H2
18O, and HDO) function as independent tracers that undergo both kinetic and equilibrium 329 

fractionation during phase transitions in the atmosphere. It has been demonstrated that the model 330 

adequately represents the global hydrological cycle and stable isotopic composition (Hagemann 331 

et al., 2006; Werner et al., 2011). In this study, we compare the model's present-day simulations 332 
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with observed and reanalysis precipitation and near-surface temperature datasets across West 333 

Africa to assess its capability in representing WAM patterns and their seasonality. 334 

3.2 Model Experiments and Boundary Conditions 335 

Previous simulations of Late Cenozoic climate were conducted with different models and 336 

model setups. Varied parameterisation schemes, spatial resolution, and prescribed boundary 337 

conditions complicate the comparison of the regional climates across the considered time 338 

periods. We therefore conducted (paleo)climate simulations for PD, PI, MH, LGM, and MP 339 

boundary conditions using only ECHAM5-wiso, while maintaining the same spatial resolution. 340 

All climate simulation experiments were performed using a high T159 spectral resolution (~80 x 341 

80 km around the equator) and 31 vertical levels up to 10 hPa. The model uses prescribed sea 342 

surface temperature (SST) as the interface between the ocean and atmosphere and, therefore, 343 

requires less time to reach dynamic equilibrium than fully coupled atmosphere-ocean models. 344 

However, the prescribed SSTs disregard oceanic decadal variability, making the simulated 345 

response inevitably biased by the specific SST reconstructions used. The paleoclimate 346 

experiments were run for 18 years with a 6-hour model output and only considered the last 15 347 

years for the analysis. The first 3 years of the model serve as the spin-up period, which is the 348 

time required for the model to reach dynamic equilibrium. Given the study’s aim to understand 349 

the WAM response to the diverse paleoenvironmental conditions, the different experimental set-350 

ups accounting for variations in orbital parameters, greenhouse gases concentration, SSTs, sea 351 

ice concentrations (SICs), and land surface cover (e.g., ice sheet and vegetation) were devised for 352 

the different climates. The prescribed boundary conditions for the experiments are similar to the 353 

Late Cenozoic simulations presented by Mutz et al. (2018) and Botsyun et al. (2022). We build 354 

on those by simulating and analysing the isotopic compositions for all paleoclimates.  355 

To validate the model's ability to represent WAM dynamics, we compared the present-356 

day (PD) simulation conducted by Boateng et al. (2023) with observed and reanalysis 357 

precipitation and near-surface temperature datasets. The PD simulation setup follows the 358 

Atmospheric Model Intercomparison Project (AMIP) protocol, using prescribed annual means of 359 

SST and SIC from 1979 to 2014. The pre-industrial simulation (the reference year 1850) was 360 

also obtained from Boateng et al. (2023). The model was simulated with prescribed SST and SIC 361 

from a transient coupled ocean-atmosphere model (Lorenz & Lohmann, 2004). It used an 362 

atmospheric CO2 concentration of 280 ppm in accordance with Dietrich et al. (2013), which was 363 

derived from the ice-core record (Etheridge et al., 1996, 1998). Land surface parameters were 364 

taken from Hagemann (2002). The initial isotopic composition of the atmosphere was adopted 365 

from global gridded data of 18O composition of seawater provided by LeGrande & Schmidt 366 

(2006). In this study, the climate change signals are defined as deviations from the PI estimates. 367 

Therefore, all reported anomalies (e.g., MH-PI) throughout the paper, described as either 368 

"increases" or "decreases", use the simulated PI values as a reference. We also represent the 369 

H2
18O composition using the δ-notation and calculate it as precipitation-weighted means using 370 

the Vienna Standard Mean Ocean Water (V-SNOW). 371 

The SST and SIC boundary conditions prescribed for the MH experiments were derived 372 

from transient MH simulation of a low-resolution ocean-atmosphere coupled model (Etheridge et 373 

al., 1996, 1998)(G. Lohmann et al., 2013; Wei & Lohmann, 2012). The GHG concentrations 374 

(e.g., CO2 of 280 ppm) are based on ice-core reconstructions (Etheridge et al., 1996, 1998), and 375 

the orbital forcing parameters are taken from Dietrich et al. (2013). On the other hand, the LGM 376 
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simulation was forced with sea surface variables from reconstructions for the Atlantic, Pacific, 377 

and Indian oceans based on the GLAMAP (Sarnthein et al., 2003) and CLIMAP (1981) projects. 378 

Moreover, the GHG concentrations (CO2 of 185 ppm) and orbital parameters follow Otto-379 

Bliesner et al. (2006). The palaeogeography and ice sheet extent and thickness are based on the 380 

PMIP3 experimental protocol (Abe-Ouchi et al., 2015). The vegetation distribution maps for 381 

both the LGM and MH are based on the reconstruction of plant functional types from BIOME 382 

6000 of the paleovegetation mapping project (Bigelow et al., 2003; Harrison et al., 2001; Pickett 383 

et al., 2004; Prentice et al., 2000). The MP paleoenvironment conditions prescribed in the 384 

ECHAM5 model were based on the Pliocene Research, Interpretation, and Synoptic Mapping 385 

(PRISM) project (Dowsett et al., 2010; Haywood et al., 2016). More specifically, GHG 386 

concentration (e.g., CO2 of 405 ppm), orbital parameters, land surface variables (e.g., 387 

topography, ice cover, and land-sea mask), and sea surface variables (SST, and SIC) were 388 

derived from PRISM3D. The vegetation distribution map was regenerated with JSBACH plant 389 

functional types using the PRISM reconstruction (C. Stepanek & Lohmann, 2012). A summary 390 

of the major boundary conditions used in this study is presented in Table 1.  391 

Due to the sparse availability of isotopic composition records for the past climates, all the 392 

initial conditions of the ocean and the atmosphere were kept the same. The H2
18O and HDO 393 

starting conditions for the ocean were taken from the equilibrium 3000-year run with MPI-OM-394 

wiso (Xu et al., 2012), and the atmosphere was initialised with δ18O and δD of -10 and -80 ‰, 395 

respectively, similar to previous studies (e.g., Cauquoin et al., 2019; Werner et al., 2011). 396 

 397 

 398 

 399 

Table 1. Summary of boundary conditions for the ECHAM5-wiso experiments (this study) and 400 

the list of PMIP4 models that simulated the coeval climates. e stands for eccentricity, o for 401 

obliquity, and lop for longitude of perihelion. 402 

 403 

Experiment 

name 

Greenhouse gas 

concentrations 

Orbital 

forcing 

parameters 

Surface conditions PMIP4 models 

considered 

Pre-industrial 

(PI): year 

1850   

CO2: 280 ppm, 

CH4: 760 ppb, 

N2O: 270 ppb. 

e: 0.016804, 

o: 23.4725, 

lop: 278.734  

The SST and SIC data are taken from a 

low-resolution coupled ocean-

atmosphere simulation by Dietrich et 

al. (2013) and Lorenz & Lohmann 

(2004). Vegetation distribution data 

was adopted from Hagemann (2002). 

All models 

Mid-

Holocene 

(MH): ~6 ka 

  

CO2: 280 ppm, 

CH4: 650 ppb, 

N2O: 270 ppb. 

e: 0.018682, 

o: 24.1048, 

lop: 180.918  

SSTs and SICs are obtained from a 

transient, low-resolution coupled 

ocean-atmosphere simulation of the 

Mid-Holocene (Lohmann et al., 2013; 

Wei & Lohmann, 2012). Vegetation 

reconstructions from the BIOME 6000 

dataset (Bigelow et al., 2003; Harrison 

et al., 2001; Pickett et al., 2004; 

AWI-ESM-1-1-

LR, CESM2, EC-

Earth3-LR, GISS-

E2-1-G, 

HadGEM3-GC31-

LL, IPSL-CM6A-

LR, MIROC-

ES2L, NorESM1-

F 
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Prentice et al., 2000) converted into 

plant functional types.  

Last Glacial 

Maximum 

(LGM): ~21 

ka   

CO2: 185 ppm, 

CH4: 350 ppb, 

N2O: 200 ppb. 

e: 0.018994, 

o: 22.949, 

lop: 294.42  

SSTs and SICs were derived from 

GLAMAP reconstructions for the 

Atlantic Ocean (Sarnthein et al., 2003) 

and CLIMAP reconstructions for the 

Pacific and Indian Oceans (CLIMAP, 

1981). Land-sea distribution, ice sheet 

extent, and thickness were based on 

PMIP3 data (Abe-Ouchi et al., 2015). 

Vegetation patterns were reconstructed 

using maps of plant functional types 

from the BIOME 6000 

Paleovegetation Mapping Project 

(Bigelow et al., 2003; Harrison et al., 

2001; Pickett et al., 2004; Prentice et 

al., 2000) and model predictions 

provided by Arnold et al. (2009).  

AWI-ESM-1-1-

LR, CESM2-

WACCM-FV2, 

MIROC-ES2L, 

MPI-ESM1-2-LR, 

INM-CM4-8 

Mid-Pliocene 

(MP): ~3 Ma   

CO2: 405 ppm, 

CH4: 760 ppb, 

N2O: 270 ppb. 

e: 0.016804, 

o: 23.4725, 

lop: 278.734  

SSTs, SICs, land-sea mask, 

topography, and ice cover data were 

sourced from PRISM3D (Dowsett et 

al., 2010; Haywood et al., 2010; Sohl 

et al., 2009). The vegetation boundary 

condition was established by 

converting the PRISM vegetation 

reconstruction into JSBACH plant 

functional types, following the method 

outlined by Stepanek and Lohmann 

(2012).  

CESM2, EC-

Earth3-LR, GISS-

E2-1-G, 

HadGEM3-GC31-

LL, IPSL-CM6A-

LR, NorESM1-F 

3.3 Observed and Simulated Data Comparison 404 

Reanalysis products are used as validation datasets to assess how ECHAM5-wiso 405 

simulates the climatologies and seasonality of precipitation and near-surface temperature across 406 

the WAM region. More specifically, the ERA5 climate reanalysis, produced and maintained by 407 

ECMWF, is compared to the simulated long-term seasonal means of the PD climate. ERA5 408 

consists of globally interpolated observations (e.g., ocean buoys, satellites, aircraft, weather 409 

stations, and other platforms) and numerical simulations using a four-dimensional variational 410 

(4D-var) data assimilation scheme (Hersbach et al., 2020). It has hourly output, an approximately 411 

31 km spatial resolution, and extends back to 1959 (Bell et al., 2021). We only extract the 412 

monthly long-term mean for the period 1979-2014 due to the simulated time range of the PD 413 

experiment. Moreover, the CRU (Climate Research Unit gridded Time series) high-resolution 414 

dataset (i.e., 0.5° x 0.5° over land regions except for Antarctica), maintained at the University of 415 

East Anglia, UK, was used to compare the PD precipitation simulation. CRU relies on the 416 

extensive network of global weather stations, which are interpolated using angular-distance 417 

weighting (ADW). This dataset extends back to 1901 (more details in Harris et al. 2014 and 418 

2020). 419 
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3.4 Observed and Simulated Data Comparison 420 

Simulated model outputs from various climate models that participated in the fourth 421 

phase of the Paleoclimate Model Intercomparison Project (PMIP4), which is a component of the 422 

current Coupled Model Intercomparison Project (CMIP6) (Eyring et al., 2016), were analysed to 423 

further compare our simulated responses to paleoenvironmental conditions with the current state-424 

of-the-art models. However, we emphasise that our analysis does not constitute a formal inter-425 

model comparison since different experimental protocols were used for the simulations in this 426 

study. For instance, we rely on a high-resolution atmosphere-only model with prescribed 427 

forcings, in contrast to the fully coupled atmosphere-ocean GCMs used in the PMIP4 428 

experiments. Furthermore, the ECHAM5-wiso simulation time is shorter than that of the PMIP4 429 

models (>100 years) due to the longer period required for fully coupled ocean-atmosphere 430 

models to reach quasi-equilibrium and avoid drifts in climate variables. The boundary conditions 431 

and experimental setup protocols for the PMIP4 models simulating the MH, LGM, and MP are 432 

described in Kageyama et al. (2018) and Otto-Bliesner et al. (2017). We analysed the last 100 433 

years of monthly precipitation amounts for each model, with climate anomalies estimated using 434 

their respective PI control simulations. Moreover, we highlight that the individual PMIP4 435 

models' spatial resolutions were kept for our analysis to disentangle the impact of the model 436 

resolution in representing the WAM dynamics. 437 

3.5 West African Monsoon Anomalies and Statistical Test 438 

Long-term seasonal means of the WAM months (JJAS) were estimated using the 6-hour 439 

model output from the ECHAM5-wiso experiments and the monthly means from the PMIP4 440 

models. The statistical significance of the long-term anomalies is evaluated using a student t-test 441 

with a confidence interval threshold of 95%. It is important to note that the analysis is based on 442 

uncorrected time, even though orbits were modified in the time slice experiments. However, this 443 

does not influence the analysis since climatological means are considered. As the WAM 444 

seasonality is zonally distributed (Janicot et al., 2011; S. E. Nicholson & Palao, 1993), three 445 

different latitudinal transects were delineated for further analysis. Specifically, zonal averages 446 

over the Sahara (30-20°N, 20°W-30°E), Sahel (20-10°N, 20°W-30°E), and Guinea coast (10-447 

5°N, 20°W-30°E) were used to understand the meridional variations of the simulated rain belt 448 

across the WAM region. 449 

4 Results 450 

4.1 Present-day simulation and comparison to observations 451 

Comparisons of the simulated and the observed spatial patterns and seasonality of 452 

precipitation and near-surface temperature revealed that ECHAM5-wiso represents the climate 453 

across the WAM region well. More specifically, the simulated and observed precipitation in the 454 

monsoon season shows a similar rain belt, i.e., a latitudinal band of maximum precipitation of 455 

approximately 400 mm/month across Africa. There are only slight deviations in magnitude 456 

between ECHAM5-wiso and ERA5 (Fig. 1a-c): ERA5 shows a higher magnitude of 457 

precipitation, with ~40 mm/month more than predicted by the simulation. However, comparing 458 

the simulated patterns to the CRU datasets reduces these slight differences in precipitation 459 

patterns and magnitudes (Fig. S1). Moreover, the simulated near-surface temperature indicates 460 

similar spatial patterns with a pronounced meridional gradient, indicating high temperatures of 461 

up to 40 °C across the Sahara region (Fig. 1d-f). 462 
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 463 

Figure 1. Long-term annual means (1979-2014) of ERA5 and ECHAM5-wiso precipitation (a 464 

and b) and near-surface temperature (d and e) during the monsoon season (JJAS), and the 465 

differences in precipitation and near-surface temperature between the datasets (c and f). The 466 

green colour range in the precipitation difference indicates a wet bias, while the brown colours 467 

indicate a dry bias in the model. The red colour range also represents a warm bias, and the blue 468 

colours indicate a cold bias in the model. Overall, the simulated patterns of the rain belt and 469 

meridional temperature gradient during the monsoon season demonstrate a reasonable model 470 

performance. The demarcated regions in (a) are used for estimating the regional means. 471 

 472 

The migration of the WAM drives different seasonal precipitation patterns across West 473 

Africa. Consequently, we analyse the seasonal trends using regional monthly means across the 474 

Sahara, Sahel, and the coast of Guinea. Overall, the model simulates an accurate seasonal 475 

distribution and intensity across most of the transects (Fig. 2). Specifically, the observed and the 476 

modelled seasonal cycle shows a precipitation increase of >3 mm/month during the winter in the 477 

Sahara region (Fig. 2a). Moreover, the model also simulates a realistic unimodal monthly 478 

distribution across the Sahel, with maximum precipitation of ~100 mm/month in August (Fig. 479 

2b). However, ECHAM5-wiso predicts the expected bimodal precipitation seasonality across the 480 

Guinea coast, with peak months in June (~225 mm/month) and September (~200 mm/month), 481 

while ERA5 indicates wider unimodal patterns of maximum precipitation of ~250 mm/month in 482 

June (Fig. 2c). Despite the adequate precipitation representation of ERA5 over West Africa, 483 

previous studies have indicated their underestimation over the coast of Guinea (e.g., Quagraine et 484 

al., 2020). Overall, the present-day simulation results confirm ECHAM5-wiso's ability to 485 

represent the hydroclimate of the WAM and its associated teleconnections, validating its use for 486 

paleoclimate simulations. 487 
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 488 

Figure 2. Comparison of ERA5 (red) and ECHAM5-wiso (black) monthly precipitation changes 489 

across the (a) Sahara (30-20ºN, 20ºW-30ºE), (b) Sahel (20-10ºN, 20ºW-30ºE), and (c) Coast of 490 

Guinea (10-5ºN, 20ºW-30ºE) (see Fig. 1a). For the Sahara and the Sahel, the modelled evolution 491 

of the WAM is consistent with ERA5. However, the model produces the expected bimodal 492 

precipitation seasonality across the Guinea coast, while ERA5 only shows a unimodal pattern. 493 

4.2 Simulated changes of the WAM in the late Cenozoic 494 

The simulated regional patterns of the WAM in the MH, LGM, and MP deviate 495 

significantly from PI conditions. Overall, the model estimates an intensification of the WAM in 496 

the MH and MP, with the MH showing a more significant intensification than the MP. On the 497 

other hand, the model estimates a pattern of extensive dryness during the WAM season in the 498 

LGM (Fig. 3). The estimated precipitation anomalies during the WAM season in the MH 499 

indicate bidirectional latitudinal patterns. The MH experiment estimates an increase of ~150 500 

mm/month from 7°N to 30°N, with statistical significance below 27°N. Conversely, the model 501 

indicates a decrease of ~30 mm/month towards the coastal regions (2-6°N) (Fig. 3a). Overall, the 502 

LGM simulation indicates a precipitation decrease of up to 150 mm/month across the WAM 503 

region, with significant anomalies along the coastal regions (Fig. 3b). Lastly, MP estimates an 504 

increase of ~100 mm/month in precipitation anomalies during the WAM season, with patches of 505 

a slight decrease in precipitation along the coast of Guinea, Nigeria, and Cameroon (Fig. 3c). 506 

The simulated patterns of precipitation anomalies indicate a higher magnitude of the latitudinal 507 

extent of the WAM towards the Sahara region in the MH compared to the MP. To assess the 508 

relative importance and added value of using ECHAM5-wiso to simulate all the studied periods, 509 

we compare our model estimates to those of other models from the CMIP6-PMIP4 experiments 510 

(Table 1) that simulate the same periods. We focus our analysis on regional means of 511 

precipitation anomalies across the Sahel and also evaluate the latitudinal distribution of the 512 

WAM. The simulated WAM seasonal climatologies of the different climates (i.e., MH, LGM, 513 

and MP) and their respective control means (PI) are presented in the supplementary material 514 

(Fig. S2, S3, S4, and S5). 515 
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 516 

Figure 3. Precipitation anomalies during the WAM season (JJAS) for the (a) Mid-Holocene 517 

(MH), (b) Last Glacial Maximum (LGM), and (c) Mid-Pliocene (MP), as simulated by 518 

ECHAM5-wiso. The green colour range represents wetter conditions, while the brown colour 519 

range represents drier conditions compared to the Pre-Industrial (PI) estimates. The black dot 520 

stippling indicates regions with statistically significant differences, assuming a confidence 521 

interval of 95% based on a student t-test analysis. The precipitation anomalies patterns indicate 522 

the highest intensification of the WAM and its northward reach in the MH despite the enhanced 523 

hydrological cycle in the MP. 524 

Overall, the inter-model comparison reveals consistent estimates in the direction and 525 

magnitude of change in response to different paleoenvironmental conditions, with the exception 526 

of CESM2-WCCM-FV2. Surprisingly, this model estimates an increase in precipitation 527 

anomalies across the Sahel in the LGM. However, Zhu et al. (2021) have indicated that this 528 

unrealistic sensitivity to colder climates may be attributed to exaggerated shortwave cloud 529 

feedback or an unrepresented physical mechanism countering such cloud feedback. Specifically, 530 

ECHAM5-wiso estimates the maximum increase in precipitation anomalies of ~90 mm/month 531 

across the Sahel in the MH for the WAM season, followed by MPI-ESM1-2-LR (with ~80 532 

mm/month), while GISS-E2-1-G shows the lowest precipitation anomalies of ~35 mm/month. 533 

Alternatively, AWI-ESM-1-1-LR estimates a maximum precipitation decrease of 55 mm/month 534 

across the Sahel in the LGM. The precipitation decreases (~20 mm/month) estimated by 535 

ECHAM5-wiso is similar to the estimates by the INN-CM4-8 and MIROC-ES2L models. In the 536 

MP, the WAM response across the Sahel exhibits a wider range of precipitation anomalies, with 537 

EC-Earth3-LR, indicating the maximum increase of ~160 mm/month and GISS-E2-1-G showing 538 

the lowest increase of ~10 mm/month. However, ECHAM5-wiso estimates fall within a mid-539 

range of ~50 mm/month, which is closer to the estimates by HadGEM3-GC31-LL, IPSL-CM6A-540 

LR, and NorESM1-F models. Even though ECHAM5-wiso indicates a maximum intensification 541 

of the WAM across the Sahel in the MH rather than in the MP, other models (e.g., EC-Earth3-542 

LR) suggest the reverse trend. Consequently, the longitudinal regional means of the latitudinal 543 

distribution of precipitation anomalies during the WAM season are evaluated to compare the 544 

northward migration of the WAM in response to the different paleoenvironments. 545 
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 546 

Figure 4. Regional means of precipitation anomalies during the WAM season estimated for the 547 

Sahel region (see Fig. 1a) using ECHAM5-wiso (labelled in blue) and the PMIP4 models 548 

considered (Table 1) for the (a) Mid-Holocene (MH), (b) Last Glacial Maximum (LGM), and (c) 549 

Mid-Pliocene (MP) paleoenvironmental conditions. The individual precipitation anomalies are 550 

estimated based on their respective pre-industrial (PI) runs. 551 

In total, most of the PMIP4 models suggest a higher meridional migration of the WAM in 552 

the MP than in the MH, while the magnitude of changes in the latitudinal band of maximum 553 

precipitation varies among the individual models. Specifically, EC-Earth3-LR estimates 554 

maximum latitudinal precipitation of 200 mm/month with a greater northward extent in MP than 555 

the ~100 mm/month rain belt in the MH. However, GISS-E2-1-G suggests a higher 556 

intensification of the WAM with an increase in precipitation by 50 mm/month in the MH, and a 557 

relatively modest increase of ~10 mm/month in the MP. The ECHAM5-wiso experiments 558 

suggest a slight northward extent of the WAM in the MH and a higher intensification (~80 559 

mm/month more) than in the MP. Despite the estimated differences, all the models, including 560 

ECHAM5-wiso, indicate a similar meridional distribution in the MH and MP. However, 561 

CESM2-WCCM-FV2 and INM-CM4-8 distinctively suggest an increased distribution of 562 

meridional precipitation anomalies across the WAM areas and toward the equatorial Atlantic in 563 

the LGM, respectively, despite the general decreasing trend estimated by the other models. 564 
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 565 

Figure 5. Latitudinal regional, seasonal means (JJAS) of precipitation anomalies across the 566 

WAM region (averaged between 20°W and 30°E) estimated for the ECHAM5-wiso and PMIP4 567 

models for (a) Mid-Holocene (MH), (b) Last Glacial Maximum (LGM), and (c) Mid-Pliocene 568 

(MP) simulations. ECHAM5-wiso estimates show a latitudinal distribution that is consistent with 569 

most of the PMIP4 models. ECHAM5-wiso estimates for LGM and MP fall into the PMIP4 570 

model range, while ECHAM5-wiso estimates for the intensification of the WAM in the MH 571 

exceed the PMIP4 model range. 572 

4.3 Seasonality of the simulated WAM in the late Cenozoic 573 

The meridional migration of the WAM is investigated by analysing the evolution of 574 

latitudinal regional means (Hovmöller diagram) (Fig. 6) and regional means over the coast of 575 

Guinea, Sahel, and Sahara (Fig. 7). Generally, the seasonal cycle of the WAM progresses from 576 

two rainy season regimes across the coastal areas to a single rainy event across higher latitudes 577 

(Fig. 2). The progression of the WAM is classically defined in three phases: (1) the onset period 578 

(March-May), driven by the low-level south-westerlies moist transport from the South Atlantic 579 

towards the coastal regions up to 4°N and the abrupt shift of the ITCZ from the quasi-stationary 580 

zone between 5-8°N to 8-10°N, (2) the high rain period (June-August), which abruptly shifts the 581 

rain belt up to 10°N (also known as monsoon jump), marking the start of the high rainfall events 582 

in the Sahel and the end of the first rainy regime across the coast, and (3) the southward retreat 583 

(September-October), reflecting the last phase of the WAM annual cycle and the second rainfall 584 

region across the coast (Barbé et al., 2002; Sultan et al., 2003; Sultan & Janicot, 2003). 585 
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 586 

Figure 6. Hovmöller diagram (space-time) showing the latitudinal seasonal migration of 587 

precipitation across the WAM region (averaged between 20°W and 30°E) for the (a) Pre-588 

industrial (PI), (b) Mid-Holocene (MH), (c) Last Glacial Maximum (LGM), and (d) Mid-589 

Pliocene (MP) experiments using ECHAM5-wiso. The MH seasonal distribution indicates the 590 

highest precipitation rate during the high-rainfall period (June-August), while the MP indicates 591 

more precipitation in the onset (March-May) and southward retreat (September-October) 592 

periods. 593 

The latitudinal evolution of the WAM in the PI indicates maximum precipitation of up to 594 

320 mm/month during the onset period (from March to May) along the coast, followed by a 595 

monsoonal jump up to 15°N in the Sahel with ≤ 40 mm/month of precipitation (Fig. 6a). 596 

Moreover, the southward retreat toward the coast at the end of the annual cycle records half of 597 

the precipitation (i.e., ~160 mm/month) during the onset period. The MH evolution exhibits 598 

similar phases, but with higher precipitation and a greater northward extent. Specifically, the 599 

onset period records precipitation of ~ 360 mm/month and a higher northward shift up to ~25°N 600 

with higher precipitation rates of up to 320 mm/month across the Sahel (Fig. 6b). The southward 601 

retreat phase in the MH is also characterised by higher precipitation rates of up to 240 602 

mm/month. Overall, the MP seasonal trend shows an inverted V-shape distribution that is similar 603 

to the MH pattern, but flatter and with a higher rainfall in the onset and southward retreat phases 604 

along the coast. The onset and southward retreat phases are characterised by precipitation rates 605 

of ~ 400 mm/month and 300 mm/month across the coast of Guinea and the equatorial Atlantic, 606 

respectively (Fig. 6d). However, the high-rainfall period is characterised by less rainfall (~250 607 

mm/month) across the Sahel and a lower latitudinal extent (≤ 18°N) when compared to MH. On 608 



manuscript submitted to JGR Atmospheres 

 

the other hand, the LGM simulations predict drier conditions in all seasons, with a rainfall 609 

increase of only up to 160 mm/month in the Sahel during the high-rain period (Fig. 6c). 610 

 611 

Figure 7. Seasonal cycle of precipitation across the (a) Sahara (30-20°N, 20°W-30°E), (b) Sahel 612 

(20-10°N, 20°W-30°E), and (c) Guinea coast (10-5°N, 20°W-30°E) (See Fig. 1a) estimated for 613 

the Pre-industrial (PI; black), Mid-Holocene (MH; red), (c) Last Glacial Maximum (LGM; blue), 614 

and (d) Mid-Pliocene (MP; green) simulation using ECHAM5-wiso. The seasonal distribution of 615 

precipitation across the Sahara shows different peak months for the different past climates, while 616 

the Sahel and Coast of Guinea show a more consistent seasonality. 617 

The seasonal cycle across the different climate zones is assessed through their regional 618 

means. The seasonal precipitation cycle exhibits pronounced variations in magnitude, but few 619 

changes in precipitation distribution. Among those few changes are variations in peak 620 

precipitation months estimated for the Sahara. While the PI estimates indicate higher 621 

precipitation (~4 mm/month) in November-February, the MH estimates suggest more 622 

precipitation from July to October, with peak precipitation rates of 12 mm/month in September. 623 

Overall, the LGM estimates indicate persistently drier conditions across all seasons in the 624 

Sahara. The MP also indicates a higher precipitation record in the pre-onset period across the 625 

Sahara, with a peak month in February (~7 mm/month). Regarding the bimodal monthly 626 

distribution along the coastal regions, all climates show similar patterns. For the MH, the 627 

precipitation peaks are highest, i.e. a ~300 mm/month peak in June and a ~260 mm/month peak 628 

in October. The estimates across the Sahel also exhibit a unimodal distribution and precipitation 629 

peak in August. The MH simulation produces the highest peak, with an increase of more than 630 

100% relative to the PI. 631 

4.4 Changes of stable oxygen isotopic composition in precipitation associated with late 632 

Cenozoic changes in the West African Monsoon 633 

In this section, we explore the simulated seasonal climatological anomalies of the 634 

precipitation-weighted stable oxygen isotopic composition of precipitation (δ18Op) during the 635 
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WAM season. Even though δ18Op values are closely linked to precipitation due to the "amount 636 

effect", the simulated spatial patterns of precipitation and δ18Op values are different. Overall, the 637 

warmer climates (i.e., MH and MP) estimate a decrease in δ18Op values across the WAM region 638 

when compared to the PI patterns during the monsoon season. In contrast, the δ18Op anomalies 639 

increase across many parts of the WAM region in response to the colder conditions in the LGM. 640 

The MH is characterised by a significant decrease of δ18Op values by ~ -5 ‰ between 10-20 °N, 641 

which spatially coincides with the region of the rain belt. The decrease becomes less pronounced 642 

(~ -1 ‰) towards the Sahara region, and shows small areas that experience a slight increase (~1 643 

‰) towards the east. Moreover, the equatorial Atlantic region also experiences a slight δ18Op 644 

decrease of about 1 ‰. The δ18Op anomalies during the MP also decrease across the continent, 645 

but show an increase of up to -6 ‰ across the Sahara. Furthermore, the decrease of δ18Op values 646 

across the Sahel is less significant than the increase in precipitation anomalies in the MP. On the 647 

other hand, the LGM simulation indicates a significant increase in δ18Op values of ~ 3 ‰ across 648 

the Atlantic Ocean and the adjacent coastal regions. 649 

 650 

Figure 8. Simulated changes in δ18Op in the WAM season (JJAS) for the (a) Mid-Holocene 651 

(MH), (b) Last Glacial Maximum (LGM), and (c) Mid-Pliocene (MP). The pink colour range 652 

represents heavy isotope depletion, and the green colour range represents an enrichment in the 653 

heavy isotopes in relation to Pre-industrial (PI) values. The black dot stippling indicates regions 654 

with a statistically significant difference, assuming a confidence interval of 95%, using a student 655 

t-test analysis. 656 

4.5 Changes in the atmospheric dynamics behind the simulated WAM changes 657 

Here, we analyse the atmospheric dynamics behind the simulated changes in the WAM. 658 

Specifically, we use near-surface temperature, mean sea level pressure, wind patterns at different 659 

atmospheric levels, and surface heat fluxes to investigate how these dynamics change in response 660 

to different late Cenozoic boundary conditions. Due to our current understanding of WAM 661 

dynamics (section 2.1), we focus on the spatial and intensification changes of the surface 662 

temperature and pressure gradients, AEJ, TEJ, and the low-level south-westerly winds as the 663 

dynamic feedback contributing to the simulated changes in the WAM. Additionally, we evaluate 664 

the changes in the WAM due to land surface conditions (e.g., prescribed vegetation) in the 665 

experiments through the responses of surface latent and sensible heat fluxes. 666 

4.5.1 Changes in near-surface temperature 667 

The warmer climate experiments (i.e., MH and MP) produce a north-south near-surface 668 

temperature gradient with an increase in the Sahara region, a decrease in the Sahel, and smaller 669 
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regions of increases (MP) or no (MH) changes at the southern coast (Fig. 9). Overall, the MH 670 

indicates a pronounced meridional gradient with a significant increase in temperature anomaly of 671 

up to 10 °C across the Sahara and a significant decrease of down to -8 °C towards the Guinea 672 

coast. The MP anomalies indicate similar patterns, but with less pronounced gradients and 673 

significant changes only toward Central and East Africa. More specifically, the MP shows an 674 

increase of up to 5 °C across the Sahara and a decrease of about -3 °C across the Sahel, 675 

transitioning into a slight increase of up to 2°C in the equatorial Atlantic. This spatial variability 676 

is consistent with the precipitation patterns. Moreover, the mean sea level pressure patterns also 677 

indicate the deepening of the low-pressure area across the Sahara in MH compared to the MP 678 

(Fig. S6). However, comparing the cyclonic flow across the Sahara and the strengthened south-679 

westerlies moist transport from the equatorial Atlantic at 850 hPa between the MH and MP 680 

reveals no noticeable changes (Fig. S6). Contrarily, the temperature anomalies in the LGM 681 

indicate overall colder conditions across the continent with a significant decrease of up to -5 °C. 682 

 683 

Figure 9. Simulated temperature anomalies of the WAM season (JJAS) estimated in response to 684 

the (a) Mid-Holocene (MH), (b) Last Glacial Maximum (LGM), and (c) Mid-Pliocene (MP) 685 

paleoenvironmental conditions using ECHAM5-wiso. The blue colour ranges represent colder 686 

conditions, and the red colour ranges represent warmer conditions compared to the pre-industrial 687 

estimates. The black dot stippling indicates regions with a statistically significant difference, 688 

assuming a confidence interval of 95% using a student t-test analysis. 689 

4.5.2 Changes in the vertical structure of zonal and meridional wind speeds 690 

We analysed the latitudinal-altitude cross-sections of zonal and meridional wind speeds 691 

across the WAM region to understand the atmospheric circulation associated with the simulated 692 

precipitation dynamics. The zonal wind patterns reveal a higher altitudinal reach of the low-level 693 

southwesterlies and a greater northward propagation in the MH and MP when compared to the PI 694 

and LGM (Fig. 10). The westerlies reach a latitudinal extent of 17°N and stay below 800 hPa 695 

atmospheric level in the PI and LGM, while in the MH and MP, the flows extend over 20°N and 696 

up to the 700 hPa level (Fig. 10 a-d). The MH and MP simulations estimate a higher northward 697 

reach of the winds, but the latter predicts slightly higher wind shear at the core of the low-level 698 

flow. Consistently, the AEJ is located between 10-15 °N at approximately 600 hPa in the PI and 699 

LGM. However, the LGM indicates a more intense AEJ than the PI despite overall drier 700 

conditions. In the MH and MP, the AEJ experiences a greater northward shift between 15-20 °N, 701 

and its core shifts to a higher altitude than in the PI. In contrast to the LGM and PI, the AEJ in 702 

the MH indicates higher intensification than the MP. 703 
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 704 

Figure 10. Latitudinal vertical cross-sectional for zonal (top panel) patterns, where positive 705 

(negative) values indicate westerly (easterly) winds, and for meridional patterns (bottom panel), 706 

where positive (negative) values indicate southerly (northerly) wind speeds estimated for the 707 

WAM season (JJAS) in response to (a) Pre-industrial (PI), (b) Mid-Holocene (MH), (c) Last 708 

Glacial Maximum (LGM), and (d) Mid-Pliocene (MP) paleoenvironmental conditions. The 709 

approximate locations of the African Easterly Jet (AEJ), Tropical Easterly Jet (TEJ), Intertropical 710 

Discontinuity (ITD), low-level westerlies and Shallow Meridional Cell (SMC) are shown in a 711 

and e. The low-level westerlies reach the highest latitude and altitude in the MH. The 712 

strengthened WAM conditions are more associated with the northward position of the Africa 713 

Easterly Jet (AEJ) than its intensity. 714 

The latitudinal-altitude cross-section of winds also indicates higher vertical wind shear 715 

(inferred from the transition from the low-level westerlies to the mid-level easterlies) in the MH 716 

and MP compared to the PI. Stronger southwesterlies (and, therefore, a deeper monsoon depth) 717 

are also identified in the MH and MP. The monsoon depth defines the altitudinal reach of 718 

moisture transport from the equatorial Atlantic into the continent. In contrast, the LGM 719 

experiment estimates a shallow monsoon depth compared to the PI. More specifically, the 720 

monsoon depth reaches an altitude of 600 hPa in the MH and MP, and only up to 700 hPa in the 721 

PI and LGM (Fig. 10 e-h). Moreover, the patterns in the MH and MP indicate a more northward 722 

location of the ITD (i.e., the location where the moist southwesterlies deflect the dry 723 

northeasterlies from the Sahara) at approximately 20 °N and 19 °N, respectively. For the PI and 724 

LGM, the ITD is located further south (<17°N). The intensity of the low-level moisture 725 

transport, TEJ, AEJ, and the location of the ITD coincide with the latitudinal band of negative 726 
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omega values (wind directions away from the ground; updraft) up to 200 hPa and the associated 727 

subsidence (positive omega values) across the Sahara (Fig. S7). Overall, the tropospheric 728 

structure of the winds reveals stronger southwesterlies moisture transport from the tropical 729 

Atlantic, a higher monsoon depth, the northward position of the AEJ, and the intensification of 730 

the TEJ, consistent with the increased intensity of the WAM and its northward migration in the 731 

MH and MP. 732 

4.5.3 Changes in sensible and latent heat fluxes 733 

Generally, high vegetation cover yields more water availability through 734 

evapotranspiration, which increases latent heat (LH) flux. Moreover, moisture availability due to 735 

the increased LH flux leads to a rainfall-induced cooling effect, reducing sensible heat (SH) flux 736 

into the atmosphere. Specifically, for the WAM region, the recycling of water vapour through 737 

evaporative fluxes also contributes to the northward extent of precipitation. Therefore, the 738 

response of the WAM to different surface conditions is described here through the analysis of 739 

SH and LH fluxes.  740 

The paleoclimate experiments indicate varied responses to the surface heat fluxes (Fig. 741 

11). In the MH experiment, the results indicate pronounced negative LH anomalies (i.e., upward 742 

flux) of up to -80 Wm-2 across the Sahel, gradually reducing in magnitude towards the Sahara 743 

(Fig. 11a). Regions with more upward LH fluxes coincide with regions of a significant increase 744 

in precipitation the MH. The LGM reveals overall positive (downward) LH flux anomalies 745 

across the Sahel and coastal regions, with no changes towards the Sahara due to colder and drier 746 

conditions (Fig. 11b). In the MP, the estimated patterns reveal a slight increase in upward fluxes 747 

with negative LH anomalies down to -30 Wm-2 across the Sahel, and no changes in the Sahara 748 

(Fig. 11c). Such simulated patterns of releasing LH are consistent with higher enhanced 749 

evaporation over vegetated surfaces through radiative forcing (Fig. S8) in the MH. The SH flux 750 

anomalies also show consistent results with more downward fluxes and colder surface conditions 751 

associated with increased precipitation. The MH experiment estimates negative SH anomalies 752 

down to -60 Wm-2 across the Sahara, reaching 15 °N and positive SH anomalies across the Sahel 753 

towards the coastal regions (Fig. 11d). The zonal band of the downward SH anomalies is also 754 

consistent with the simulated rain belt in both the MH and MP. The MP experiment estimates a 755 

similar, albeit less pronounced, north-south gradient of SH. The LGM experiment estimates 756 

negative SH anomalies across most regions on the continent, which is consistent with less 757 

availability of water to evaporate. The simulated SH flux patterns are consistent with the near-758 

surface temperature anomalies, with a more pronounced meridional gradient in the MH relative 759 

to the MP. 760 
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 761 

Figure 11. Latent (top panel) and Sensible (bottom panel) heat flux anomalies during the WAM 762 

months (JJAS) for the (a) Mid-Holocene (MH), (b) Last Glacial Maximum (LGM), and (c) Mid-763 

Pliocene (MP). The purple ranges represent net upward fluxes, and the green colour ranges 764 

represent downward fluxes. 765 

 766 

5 Discussion 767 

5.1 Simulated changes of the WAM in response to the large-scale forcings 768 

Mid-Holocene (~6ka) 769 

Overall, the analysed climate model outputs consistently indicate the intensification and 770 

expansion of the WAM during the MH, specifically during the boreal summer. These simulated 771 

patterns align with findings from previous modelling studies (e.g., Bosmans et al., 2012; Gaetani 772 

et al., 2017; Patricola & Cook, 2007; Zhao & Harrison, 2012) and proxy reconstructions (e.g., 773 

Bartlein et al., 2011). The increase in precipitation during the WAM season is not surprising, 774 

given that the orbital configurations of the MH lead to stronger insolation during the boreal 775 

summer and autumn, and to weaker insolation during the winter when compared to PI forcings 776 

(Joussaume et al., 1999; Kutzbach & Liu, 1997). These orbital precision variations with stronger 777 

seasonal thermal amplitudes also result in more pronounced equator-to-pole and land-sea thermal 778 

gradients, contributing to moisture redistribution across the continents (Brierley et al., 2020). 779 

Specifically, the stronger thermal gradients and associated continental warming during the WAM 780 

season (JJAS) deepen the low-pressure cells over the Sahara. This intensifies the advection of 781 

moist air masses from the equatorial Atlantic Ocean, thereby amplifying and expanding the 782 

WAM. Moreover, the redistribution of moisture associated with the seasonal insolation 783 

distribution can be observed as a weakening of the annual-scale range of precipitation over the 784 

ocean and a strengthening over the continent, as suggested in previous studies (e.g., Braconnot et 785 

al., 2004). The MH precipitation anomalies in the inter-annual scale are less pronounced than the 786 

seasonal changes. These changes reflect that the seasonal variations in insolation primarily drive 787 
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the MH global climate changes (Kageyama et al., 2013). The ECHAM5-wiso model estimates 788 

global warming of approximately ~0.3 °C compared to the PI control run (Fig. S9 in the 789 

supplemental material). The bidirectional precipitation anomalies, with drier conditions toward 790 

the coastal regions, are also consistent with the rainfall dipole patterns of the African Humid 791 

Period (AHP). This phenomenon is explained by the northward shift of the ITCZ during the 792 

boreal summer in response to the insolation in the Northern Hemisphere (Braconnot et al., 2007; 793 

Coe & Harrison, 2002; deMenocal et al., 2000). 794 

Compared to the model outputs from the PMIP4-CMIP6 experiments, ECHAM5-wiso 795 

predicts the highest intensification and greatest northward reach of the WAM. The precipitation 796 

anomalies estimated with ECHAM5-wiso indicate a maximum rain belt of approximately 150 797 

mm/month across the Sahel (10-20 °N) and less rainfall reaching 30 °N. Out of all considered 798 

models, ECHAM5-wiso estimates predict the highest regional precipitation means (~95 799 

mm/month), followed by the MPI-ESM-LR, which has a similar atmospheric model component 800 

(i.e., ECHAM6). This also further validates the ability of models in the ECHAM family to 801 

reproduce the atmospheric dynamics and hydrological cycle across the African continent. The 802 

relatively high precipitation rates predicted by our ECHAM5-wiso simulations might be partly 803 

due to the following:  804 

(1) The representation of MH vegetation feedbacks. The experimental design for the 805 

PMIP4-CMIP6 MH simulation keeps vegetation from the PI, using prescribed surface conditions 806 

or dynamic vegetation models. However, previous studies have suggested a “Green Sahara”, 807 

characterised by steppe, savanna, and shrub vegetation, and fewer deserts than today (Dallmeyer 808 

et al., 2020; Hoelzmann et al., 1998; Jolly et al., 1998). Such vegetation is required to sustain the 809 

enhancement and northward extent of the WAM during the MH. The simulation with ECHAM5-810 

wiso used MH vegetation patterns provided by the BIOME6000 vegetation reconstructions 811 

(Bigelow et al., 2003; Harrison et al., 2001; Pickett et al., 2004; Prentice et al., 2000), where the 812 

Sahara desert was drastically reduced, and the Sahelian vegetation belt, consisting of steppe, 813 

tropical dry forest, and xerophytic woods/shrubs, was extended northward (Jolly et al., 1998; 814 

Prentice et al., 2000). Through positive feedback, vegetation has been suggested to increase 815 

orbitally driven precipitation across North Africa due to the warming effect caused by reduced 816 

albedo (Bonfils et al., 2001) and increased evapotranspiration as a result of increased latent heat 817 

fluxes (Levis et al., 2004; Texier et al., 2000). Overall, moisture recycling through 818 

evapotranspiration and induced surface warming increases convection and inland moisture flux 819 

and intensifies the WAM. However, previous studies have also indicated a plausible negative 820 

vegetation feedback on precipitation at the annual scale due to a larger contribution of soil 821 

evaporation than the albedo feedback under wetter conditions (Notaro et al., 2008; Y. Wang et 822 

al., 2008). 823 

 (2) The lower values of greenhouse gas (GHG) concentrations used for the PMIP4-824 

CMIP6 MH experiments. Lower pCO2 would result in a slightly colder climate than that 825 

produced by the ECHAM5-wiso simulation. This has been shown for the PMIP3-CMIP5 MH 826 

experiments that used GHG concentrations that are similar to those used for our ECHAM5-wiso 827 

experiment. The differences between PMIP4-CMIP6 and PMIP3-CMIP5 were due to the 828 

simulated difference in effective radiative forcing of -0.3 Wm-2 (Otto-Bliesner et al., 2017). 829 

Generally, the slightly colder climate would reduce the temperature meridional gradient across 830 

the African continent that drives low-level south-westerly moist air masses from the equatorial 831 

Atlantic Ocean.  832 



manuscript submitted to JGR Atmospheres 

 

(3) The use of the high spatial resolution for the ECHAM5-wiso simulation. Several 833 

studies have demonstrated that monsoons are better resolved when resolution is increased, even 834 

though the magnitude changes are more susceptible to the model's parameterisation (e.g., Gao et 835 

al., 2006; Sperber et al., 1994). The higher spatial resolution consequently reproduces the MH 836 

patterns through improved representation of important processes, such as large-scale 837 

condensation, land-sea interaction, and topographic forcings (Boyle & Klein, 2010). Bosmans et 838 

al. (2012) showed that using a high-resolution (T159) for EC-Earth GCM resulted in an 839 

increased intensity and a greater northward reach of the WAM in the MH when compared to the 840 

low-resolution PMIP2 ocean-atmosphere coupled models. The inter-model variabilities can also 841 

be attributed to the differences in complexities and the models' sensitivity to the parameterisation 842 

of clouds, atmospheric dynamics, and the hydrological cycle in general. We highlight that 843 

determining the influence of resolution and model parameterisation is beyond the scope of this 844 

manuscript. Overall, all the models estimate similar latitudinal precipitation patterns across the 845 

WAM region, but the predicted northward reach and regional precipitation amounts are too low 846 

to sustain the plant types that exited during the MH (Braconnot et al., 2007; Joussaume et al., 847 

1999). 848 

Last Glacial Maximum (~21 ka) 849 

Generally, the global climate during the LGM was characterised by large-scale cooling 850 

due to radiative perturbations linked to the extensive continental ice sheets and lower 851 

atmospheric greenhouse gas (GHG) concentrations (Clark et al., 2009). These large-scale drivers 852 

were further modified by internal feedbacks in the climate system involving factors like sea ice, 853 

snow, and water vapour (e.g., Braconnot et al., 2007). ECHAM5-wiso simulates realistic patterns 854 

of temperature anomalies, indicating maximum cooling of approximately -15 °C across regions 855 

with ice sheets in the Northern Hemisphere, and moderate cooling (-2 to -5 °C) over tropical 856 

areas (Fig. S9). These patterns are similar to the results of PMIP4-CMIP6 experiments and align 857 

with findings from previous modelling studies (e.g., Cao et al., 2019; Kageyama et al., 2021). 858 

The large perturbations in the atmospheric radiative balance due to albedo feedbacks also result 859 

in significant changes in atmospheric circulation patterns, contributing to comprehensive 860 

changes in precipitation patterns (e.g., Liakka et al., 2016; Liakka & Lofverstrom, 2018). Large 861 

ice sheets covering North America and Fennoscandia redirect low-level winds, which strongly 862 

influences moisture transport and regional precipitation. Additionally, the associated 863 

thermodynamics, as indicated through specific humidity, can contribute to regional precipitation 864 

changes (D’Agostino et al., 2019, 2020). Most of the precipitation on land was substantially 865 

decreased due to the large-scale cooling and its associated reduction in evapotranspiration (e.g., 866 

Braconnot et al., 2007). The lower SSTs led to reduced evaporation over the oceans, which in 867 

turn reduced the surface's moisture flux into the atmosphere. This eventually led to a decreased 868 

inland moisture flux, leading to overall large-scale drying. Apart from surface cooling, 869 

tropospheric cooling also decreased the amount of atmospheric water vapour by limiting its 870 

water-holding capacity through the Clausius-Clapeyron relation. However, in both hemispheres, 871 

other regions across the mid-latitudes experienced an increase in precipitation, mainly in areas 872 

corresponding to the positions of the North Pacific, North Atlantic, and Southern Ocean storm 873 

tracks (Fig. S9). The simulated temperature patterns indicate overall cooling across the African 874 

continent, suggesting that the meridional temperature and pressure gradient that drives northward 875 

moisture flux from the Atlantic Ocean are suppressed, thereby reducing moisture availability 876 

across the WAM areas. Furthermore, the surface cooling over the oceans was more intense than 877 
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over land, indicating a decrease in the land-sea thermal contrast, which would result in an 878 

additional reduction in inland moisture transport. 879 

Mid-Pliocene (~3 Ma) 880 

Simulating the MP climate provides the opportunity to evaluate the long-term response of 881 

the climate system to currently raised atmospheric GHG concentrations. This period is often 882 

considered an analogue for future climate change (Burke et al., 2018) due to its similarities to 883 

modern palaeogeography and high pCO2 (400 ppm). As such, the modelling framework of the 884 

MP helps assess how important climatic components of the Earth system, such as the El Niño-885 

Southern Oscillation, the global hydrological cycle and monsoon systems, respond to the 886 

ongoing rise in CO2 concentrations. The simulated temperature patterns predict a global mean 887 

near-surface temperature increase of approximately 3 °C, primarily due to direct CO2 forcing. 888 

The overall warming exhibits polar amplification, with temperature anomalies increasing by 889 

more than 10 °C due to associated changes in albedo at higher latitudes (Chandan & Peltier, 890 

2020; de Nooijer et al., 2020; Samakinwa et al., 2020; Tindall et al., 2022). The simulated global 891 

mean temperature increase predicted by ECHAM5-wiso falls within the range of model 892 

estimates (1.4 to 4.6 °C) from the PlioMIP phase 1 and 2 experiments (Haywood et al., 2013, 893 

2020). The significant warming in high latitudes reduces the meridional temperature gradient, 894 

weakening the tropical atmospheric circulation, specifically the Hadley circulation (Corvec & 895 

Fletcher, 2017; Haywood et al., 2013). Previous studies also indicated a poleward shift of mid-896 

latitude westerly winds (Li et al., 2015), increased intensity of tropical cyclones (Yan et al., 897 

2016), and strengthening and poleward extension of the global land monsoon system (Li et al., 898 

2018). The enhanced hydrological cycle intensifies the East Asian and West African summer 899 

monsoons (R. Zhang et al., 2013, 2016). These changes resemble future climate projections (e.g., 900 

Erfanian et al., 2016; Seth et al., 2019) and require detailed understanding from a modelling 901 

perspective. 902 

Through sensitivity experiments, (Stepanek et al. (2020) determined that MP 903 

palaeogeography contributes to increased rainfall across the WAM areas. The closure of the 904 

Arctic gateway and enhanced topography have also been suggested to strengthen the Atlantic 905 

Meridional Overturning Circulation (AMOC), thereby warming the North Atlantic Ocean (Z. 906 

Zhang et al., 2021), which impacts the WAM (Mulitza et al., 2008). These findings highlight the 907 

importance of other boundary conditions in regulating the WAM. As mentioned earlier, land 908 

surface conditions, such as vegetation, contribute to the variability and spatial extent of the 909 

WAM through evaporative fluxes. Proxy reconstructions from previous studies suggest more 910 

humid conditions across northern Africa, which facilitates an expansion of vegetation. More 911 

specifically, palynological records suggest high tree cover density and broadening of woodlands 912 

and savannas at the expense of deserts across the Sahara (Bonnefille, 2010; Salzmann et al., 913 

2008). ECHAM5-wiso was set up with converted PRISM3 vegetation reconstructions, which 914 

indicate the expansion of grass and forests across North Africa towards the Mediterranean (Fig. 915 

S10). Such patterns are also consistent with the COSMOS dynamic vegetation results presented 916 

in Stepanek et al. (2020), which estimated an increase in precipitation by 70 mm/month across 917 

the WAM region. The PlioMIP2 models with prescribed MP vegetation also indicate a 918 

strengthened WAM, with an ensemble mean of precipitation showing an increase by ~76 (60 - 919 

120) mm/month (Berntell et al., 2021). The previous modelling inter-comparison project (i.e., 920 

PlioMIP1) estimates a lower magnitude of increase within a range of 30 to 60 mm/month (R. 921 

Zhang et al., 2016). The PlioMIP1 experimental protocol (Haywood et al., 2010) was similar to 922 
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the model setup used for the ECHAM5-wiso simulation. These findings suggest that ECHAM5-923 

wiso simulates a higher magnitude of WAM precipitation in the MP than the PlioMIP1 models. 924 

This may be due to the higher spatial resolution used for ECHAM5-wiso, which improves 925 

representation of land surface conditions (e.g., orography and vegetation) and model 926 

parameterisation. Overall, PlioMIP1 and PlioMIP2 models suggest that the updated MP 927 

boundary conditions from PRISM3 to PRISM4 contribute to the strengthening of the WAM. 928 

Samakinwa et al. (2020) confirm this with a sensitivity experiment using COSMOS, which 929 

indicated that the updated palaeogeography was the main reason for the changes in the large-930 

scale features between PlioMIP1 and PlioMIP2. 931 

The precipitation simulated with ECHAM5-wiso shows an increase of up to 120 932 

mm/month and an intensification towards the east (Fig. 3). However, regional means of 933 

precipitation across the Sahel increase by only ~50 mm/month, which falls within the broader 934 

range of PMIP4-CMIP6 estimates (10-160 mm/month) (Fig. 4). The CESM2 and EC-Earth3-LR 935 

models estimate significant increases of 90 and 160 mm/month, respectively. The HadGEM3-936 

GC31-LL, IPSL-CM6A-LR, and NorESM1-F estimate a moderate increase of ~50 mm/month, 937 

with GISS-E2-G estimating the lowest increase of only ~10 mm/month. The magnitude of the 938 

precipitation response simulated by the individual models across the WAM is consistent with the 939 

global response. For instance, GISS-E2-1-G indicates a low global response to the MP boundary 940 

conditions and consistently estimates the lowest WAM precipitation anomalies. On the contrary, 941 

models with large land-sea rainfall anomalies (e.g., EC-Earth3-LR and CESM2) also simulate a 942 

strengthened WAM. Even though the updated boundary conditions contributed to the inter-943 

model variabilities, Haywood et al. (2020) suggested model parameterisation and initial 944 

conditions as the main factors for the varied predictions. Moreover, later model versions tend to 945 

have a higher sensitivity than earlier versions when used with the same boundary and initial 946 

conditions. These findings suggest that using ECHAM6-wiso (Cauquoin et al., 2019) and even 947 

updated PRISM4 reconstructions (Dowsett et al., 2016; Haywood et al., 2016) would increase 948 

the strengthening of the WAM in the model. 949 

5.2 Control of the precipitation and temperature on stable oxygen isotope in the WAM 950 

season in response to the different past climates 951 

The stable oxygen isotopic composition of tropical precipitation provides information 952 

about the hydrological cycle and can be used to reconstruct past tropical climates. Several studies 953 

have employed stable isotopes to understand the intraseasonal water cycle variability in western 954 

Africa (e.g., Risi et al., 2008, 2010). These studies have revealed that the integrated convective 955 

activity in the monsoon season is spatially and temporally reflected in the δ18O values in 956 

precipitation and vapour records. On a broader scale, previous studies have used isotopic patterns 957 

to identify the strengthening of the Northern Hemisphere monsoon in response to warmer 958 

climates, both through modelling (e.g., Cauquoin et al., 2019; Shi et al., 2023; Thompson et al., 959 

2021) and proxy records (Wang et al., 2008; Bartlein et al., 2011). Simulating the isotopic 960 

composition allows for a direct comparison of model simulations to isotopic archives and 961 

contributes to the understanding of the causal mechanisms behind various proxy archives (Bühler 962 

et al., 2022; Phipps et al., 2013; Risi et al., 2012; Werner et al., 2000). Here, we explore the 963 

response of simulated δ18Op to varied paleoenvironmental conditions during the WAM season. 964 

The results suggest that meteoric water was more negative in past warmer climates and less 965 

negative in colder climates. Similar patterns have been reported in previous isotope-enabled 966 

GCM modelling studies (e.g., Risi et al., 2010; Cauquoin et al., 2019). Specifically, the oxygen 967 
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isotopes are most depleted during the MH, indicating the role of seasonal insolation distribution 968 

and associated precipitation dynamics in the isotopic patterns (Thompson et al., 2021). 969 

Importantly, the magnitude and spatial patterns, to some extent, are inconsistent with the 970 

simulated precipitation anomalies despite the expected dependence of the isotopic composition 971 

on convective activity, as suggested in previous studies (e.g., Bony et al., 2008; Lawrence et al., 972 

2004). These changes reveal the plausibility of additional factors controlling δ18Op in different 973 

climates. Therefore, we further explore the relative influence of precipitation and temperature on 974 

the simulated δ18Op patterns to better understand what controls the oxygen isotopes during the 975 

monsoon season. 976 

We evaluate the control of precipitation and temperature on δ18Op values in different time 977 

periods by calculating their linear relationship during the WAM season using Spearman 978 

correlation analysis. The PI simulation yields north-south bidirectional correlation patterns 979 

between precipitation and δ18Op values, with significant negative correlations (≥ -0.8) over the 980 

Guinea Coast up to the Sahel (0-15 °N) and positive correlations (≥ 0.7) across the Sahara (Fig. 981 

12). The strong negative relationship along the coastal region towards the Sahel indicates the 982 

amount effect, as is expected based on previous studies (Lawrence et al., 2004; Rozanski et al., 983 

1993). Convective activity has been well established as the main factor driving the spatial and 984 

temporal patterns of the isotopic composition of precipitation and vapour (Lawrence et al., 2004; 985 

Risi et al., 2008; Bony et al., 2008). The reasons why an increase in precipitation amount results 986 

in the depletion of the heavy oxygen isotope across the WAM might be partially due to the fact 987 

that (1) the increase in rainfall amount moistens the atmosphere, which reduces rainfall re-988 

evaporation and diffusive fluxes, and ultimately results in lower δ18Op values in raindrops; (2) 989 

intense convective activity increases vertical mixing in the form of unsaturated downdrafts, so 990 

that the associated depletion of low-level vapour feeds into subsequent convective systems with 991 

lower δ18Op values (Lawrence et al., 2004; Risi et al., 2008). The change in correlation direction 992 

over the Sahara indicates that the "amount effect" is limited across the Sahel region, where the 993 

maximum rain belt is situated during the monsoon season. These changes are unsurprising, as the 994 

rainout of the moisture transported from the equatorial Atlantic Ocean would deplete the 995 

remaining air masses of heavy oxygen isotopes. However, during the retreat of the WAM, 996 

evaporative recycling provides a moist air mass with relatively enriched heavy oxygen isotopes 997 

that condense to rainfall. These changes suggest the influence of continental recycling on the 998 

isotopic patterns across the Sahel. Surface evaporative fluxes through continental recycling result 999 

in air masses that are less negative than oceanic fluxes (Risi et al., 2013). Moreover, the warmer 1000 

and drier conditions across the Sahara would contribute to more re-evaporation of falling vapour, 1001 

leading to an enrichment in the heavier isotope in relation to the source (Risi et al., 2008). The 1002 

LGM and MP simulations indicate similar correlation dipole patterns across the WAM, but the 1003 

positive relationship across the Sahara in the MP is less significant (Fig. 12). Nevertheless, the 1004 

correlation patterns in the MH indicate an overall negative link across the whole WAM region, 1005 

suggesting that the amount effect predominantly controls the oxygen isotopic patterns. The 1006 

changes in the correlation structure across different past climates suggest the non-stationarity of 1007 

the controlling mechanism across the WAM areas. 1008 

The correlation analyses for δ18Op and temperature yield fewer regions with significant 1009 

correlation due to the predominant influence of precipitation amount on δ18Op during the WAM 1010 

season. The analysis indicates positive correlation patterns over the Sahara, which extends 1011 

further northward in the MP. The expanded area of positive correlation in the MP highlights the 1012 

importance of continental recycling during the retreat of the WAM. These patterns also validate 1013 
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the wider spread of precipitation during the retreat months in the MP (Fig. 6 d), which has also 1014 

been suggested in previous studies (Berntell et al., 2021). Although this analysis is limited to 1015 

empirical evidence that does not consider causal mechanisms, the results clearly indicate that 1016 

proxy reconstructions must efficiently understand the regional climatic influence on various 1017 

proxy records. This would help resolve the inaccuracies in paleoclimate and paleoenvironment 1018 

reconstructions that assume the stationarity of the calibrated transfer function (e.g., Kolstad & 1019 

Screen, 2019; Raible et al., 2014). The comparison of the simulated isotopic values to proxy 1020 

records and the investigation of the causal mechanisms leading to the available proxy records is 1021 

beyond the scope of this study. 1022 
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Figure 12. Spearman correlation coefficients for the relationship between the simulated monthly 1024 

δ18Op and precipitation amount (right panel) and temperature (left panel) during the WAM 1025 

months (JJAS). The dot stippling represents the regions with significant correlation coefficients 1026 

with a 95% confidence interval. The correlations' magnitude and spatial patterns are not 1027 

stationary in response to the different climates. For example, the bi-directional north-south 1028 

δ18Op-precipitation relation transitions to an overall negative relationship in the Mid-Holocene 1029 

(MH). 1030 

5.3 Atmospheric dynamics driving the simulated WAM changes 1031 

Overall, the response of the WAM to GHG forcing, vegetation changes, and orbital 1032 

forcing is mostly associated with the changing meridional temperature gradient. A more 1033 

pronounced gradient drives the increased intensity and higher altitude reach of the low-level 1034 

southwesterlies and a more northward position of the ITD and AEJ. On the other hand, the 1035 

weakening of the WAM in response to colder conditions can be attributed to the weak or non-1036 

existent meridional temperature and pressure gradient. This less pronounced gradient would lead 1037 

to moisture transport into the continent and into the troposphere to suppress the wind shear of the 1038 

AEJ. We discuss these simulated dynamics in the context of what has been suggested in previous 1039 

studies, while also highlighting the new findings. 1040 

The pronounced summer meridional temperature and pressure patterns in the MH and 1041 

MP climates are consistent with the PMIP4 model results (e.g., Berntell et al., 2021; Brierley et 1042 

al., 2020; Kageyama et al., 2021). These temperature anomalies reflect the patterns of increased 1043 

precipitation, namely wetter conditions across the Sahel to coastal regions in the MH and MP. 1044 

The warming over the high latitudes deepened the Sahara Heat Low, inducing low-level moisture 1045 

convergence and strengthening the south-westerly flow that transports moisture from the 1046 

equatorial Atlantic into the continent (Lavaysse et al., 2009). In the MH, the warming across the 1047 

Sahara and the cooling over the Sahel are more intense than in the MP. The increased insolation 1048 

across the Northern Hemisphere was the main driver of the intense warming across the Sahara. 1049 

On the other hand, the cooling over the Sahel is partly due to the cloudiness associated with 1050 

increased precipitation due to enhanced moisture flux into the Sahel areas. Another factor may 1051 

be the increased evaporative fraction (Fig. S8) and upward latent heat flux (Fig. 11), which 1052 

moisten the soil and reduce the energy available to heat the near-surface air through sensible heat 1053 

flux. These mechanisms (a) cool the surface where precipitation increases and (b) further 1054 

strengthen the north-south gradient to drive moisture advection into the WAM region. This 1055 

feedback indicates that moisture advection strengthens the WAM more than local recycling does 1056 

(Marzin & Braconnot, 2009; Y. Zhao et al., 2005). However, the internal feedback reinforces the 1057 

pressure gradient and determines the northward migration of the WAM through evaporative 1058 

recycling. In the MP, the seasonal precipitation distribution indicates a delayed WAM retreat 1059 

with more precipitation during the southward retreat months than in the MH. Such precipitation 1060 

seasonality highlights the role of internal feedback since the evaporative recycling supplies more 1061 

moisture during the retreat months. Furthermore, cooling across the Sahel in the MP is more 1062 

significant toward the east. These patterns coincide with the relative increase in upward latent 1063 

heat flux toward the east, suggesting more moisture availability through local feedback to 1064 

strengthen the cooling (Fig. 11). Even though the MP has higher atmospheric CO2 with an 1065 

enhanced hydrological cycle, this study reveals that the orbital forcing and expanded vegetation 1066 

in the MH produces the highest intensity of the WAM. These imply that GCMs must adequately 1067 

represent these features to ensure accurate projections of the WAM in response to future climate 1068 
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change. In the LGM climate, the overall cooling and drying conditions prevent the initiation of a 1069 

meridional pressure gradient to drive moisture into the continent. This resulted in continuous 1070 

wind patterns from the Tropical Atlantic into the North Atlantic Ocean without diverging into the 1071 

continent, as suggested in previous studies (e.g., Jiang et al., 2015; Kageyama et al., 2021; Otto-1072 

Bliesner et al., 2006). Overall, the strengthening of the meridional temperature and pressure 1073 

gradient determines the intensity of the southwesterlies, northward migration of the WAM, and 1074 

its altitudinal reach, which affects the location of the ITD and AEJ. 1075 

The simulated intensity and location of the AEJ and its relationship to the strengthening 1076 

of the WAM suggest a complex causal mechanism. More specifically, the simulated core of the 1077 

AEJ is situated at higher latitudes (15-20°N) and altitudes (600-500 hPa) in summer during the 1078 

MH and MP than in the PI and LGM. These patterns are not surprising since the strengthened 1079 

WAM in these climates is associated with a more northward position of the ITD and deeper 1080 

monsoon depth (Janicot et al., 2011; Nicholson, 2009). Moreover, the surface temperature 1081 

gradient maintains the AEJ, along with two meridional circulations forced by the dry convection 1082 

of the Sahara Heat Low to the north and the moist convection driven by the ITCZ to the south 1083 

(Thorncroft & Blackburn, 1999; Wu et al., 2009). Usually, the monsoonal flow of the low-level 1084 

southwesterlies reaches far into the mid-troposphere to weaken the shear of the AEJ and shift it 1085 

to higher latitudes (Texier et al. 2000; Patricola and Cook 2007). However, the simulated intense 1086 

monsoonal flow due to the pronounced meridional temperature gradient in the MH induces high 1087 

AEJ intensity when compared to the MP. On the other hand, the reduced monsoonal flow 1088 

simulated in the LGM also results in an AEJ intensity that is higher than PI. These causal 1089 

relationship patterns indicate that the weakening of the AEJ is not entirely associated with the 1090 

strengthening of the WAM, especially when orbital forcings mainly control large-scale climatic 1091 

features. Therefore, the atmospheric dynamics response simulated in this study confirms that the 1092 

position of the AEJ is more important in strengthening the WAM than its intensity, as suggested 1093 

in previous studies (Jenkins et al., 2005; Nicholson, 2008; Nicholson & Grist, 2001; Nicholson & 1094 

Webster, 2007). These suggest that the intensity of the AEJ is an effect rather than a cause 1095 

(Newell & Kidson, 1984). The complexity of the causal relationship between AEJ and Sahel 1096 

rainfall and its varied feedback, as reported by some studies, might be due to its sensitivity to 1097 

localised conditions, which is represented differently in GCMs. For instance, Texier et al. 2000 1098 

and Patricola and Cook 2007 reveal that the decrease or even disappearance of the AEJ is 1099 

achieved when the GCM is coupled to a dynamic vegetation model. Contrarily, Texier et al. 1100 

2000 produced an increased AEJ located further north without dynamic vegetation feedback in 1101 

the model. 1102 

The simulated TEJ intensity shows consistent patterns of increasing shear due to wetter 1103 

conditions, as indicated by previous studies (e.g., Nicholson and Klotter 2021). The simulated 1104 

intensity in the MH and MP revealed no significant changes, but was higher than LGM and PI 1105 

(Fig. 10). The TEJ is mostly driven by large-scale remote features such as convective heating 1106 

over the North Indian Ocean and the Himalayan-Tibetan plateau (Gill, 1980). However, 1107 

Redelsperger et al. (2002) indicate that the latent heat release through convection over the WAM 1108 

can enhance upper-level shear, thereby intensifying the TEJ. The causal mechanisms through 1109 

which the intensified TEJ increases the Sahel rainfall have been proposed in many studies 1110 

(Lemburg et al., 2019). These include upper-level divergence (Nicholson & Grist, 2003), vertical 1111 

and horizontal shear and how it affects dynamic instabilities (Grist, 2002; Nicholson, 2008), and 1112 

the modulation of the equatorial Rossby wave activity (Yang et al., 2018). 1113 
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The results reveal both the localised and large-scale impacts of vegetation on 1114 

precipitation over the WAM areas in response to different climates. Generally, vegetation 1115 

influences the exchange of mass and energy between the land surface and the atmosphere 1116 

through the modulation of (1) surface albedo, influencing surface radiation, and (2) 1117 

evapotranspiration, influencing the partitioning of net radiation into surface heat fluxes. These 1118 

imply that land cover does not only affect surface climate but also influences atmospheric 1119 

convection and large-scale circulations and moisture fluxes, which create further feedback and 1120 

influence soil moisture and vegetation (Charney et al., 1977; Sylla et al., 2016). In this study, we 1121 

focus on analysing the influence of surface conditions through surface heat flux anomalies. 1122 

Previous modelling studies have highlighted the role of soil moisture and evapotranspiration in 1123 

the vegetation-precipitation feedback due to their effect on low-level moist static energy, 1124 

convective instability, and surface latent heat flux anomalies (Patricola & Cook, 2007; 1125 

Rachmayani et al., 2015). These feedback mechanisms have been shown to strengthen the 1126 

response of the WAM to external forcing in past warmer climates (e.g., Messori et al., 2019). 1127 

The expanded vegetation over the Sahara in the MH resulted in a pronounced upward latent heat 1128 

flux, further strengthening the WAM and the moisture influx through the vegetation-albedo 1129 

feedback (e.g., Bonfils et al., 2001; Levis et al., 2004). The less expanded vegetation in the MP 1130 

also strengthened the WAM and contributed to the increased precipitation in the retreat months 1131 

of the WAM, even though the meridional pressure gradient was weaker than in the MH. Previous 1132 

studies have indicated wetter conditions and a northward migration of the WAM that is driven by 1133 

the cyclonic moisture flux anomaly over North Africa due to expanded vegetation into the 1134 

Sahara region (Chandan & Peltier, 2020; Pausata et al., 2020; Swann et al., 2014). Since the 1135 

various atmospheric dynamics and surface conditions had a unidirectional influence on the 1136 

WAM, isolating the impact of vegetation, a local amplifier forced by other large-scale features 1137 

(e.g., Klein et al., 2017; Messori et al., 2019), would require further sensitivity experiments. 1138 

5.4 Comparison of model estimates to proxies 1139 

Comparing modelled paleoclimate to proxy reconstructions over Africa is often 1140 

challenging, because of the varying representation of relevant atmospheric processes in different 1141 

GCMs, and high spatial variability of proxy signals (e.g., deMenocal et al., 2000; Harrison et al., 1142 

2014; Pausata et al., 2016; Tierney et al., 2017; Hopcroft and Valdes, 2019). Moreover, the 1143 

relatively low availability of paleohydrological records over Africa precludes a robust model-1144 

data comparison (e.g., Salzmann et al., 2008, 2013). The sparsity of proxies also prevents the 1145 

merited direct comparison of simulated isotopic composition with past isotopic archives. Here, 1146 

we focus on the MH model-data comparison due to the relatively large number of proxy 1147 

reconstructions available and the ongoing debate about the northward migration and 1148 

intensification of the WAM during the African Humid Period (e.g., Pausata et al., 2020). The 1149 

sparse tropical African proxy records for the LGM reported in previous studies have shown 1150 

consistent cooling and drying conditions. It has been suggested that the dryness induced a 1151 

downward elevational shift of broadleaved evergreen or warm mixed forest and the enrichment 1152 

of steppe into regions now occupied by tropical forests (e.g., Elenga et al., 2000). The 1153 

reconstructed proxy records over North Africa during the MP consistently suggested more humid 1154 

conditions. More specifically, palynological data reveals denser tree cover and expanded 1155 

woodland and savanna at the expense of deserts over North Africa (Bonnefille, 2010; Salzmann 1156 

et al., 2008). Such vegetation expansion patterns are consistent with the only dynamic vegetation 1157 

GCM output participating in PlioMIP2 (Stepanek et al., 2020). Moreover, multi-proxy records, 1158 
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including plant wax and dust from marine sediment cores from offshore West Africa, suggest 1159 

consistent wetter conditions in the MP (deMenocal, 2004; Kuechler et al., 2018). These 1160 

reconstructed patterns are consistent with the more humid and dryness simulated for the LGM 1161 

and MP. 1162 

 1163 

Figure 13. Comparison of the mean annual precipitation (MAP) anomalies of the latitudinal 1164 

extent of WAM in the Mid-Holocene for all models (ECHAM5-wiso (black) and PMIP4 models) 1165 

to proxies reconstruction from Bartlein et al., (2011). The black shadings denote one standard 1166 

deviation value from the regional means of the ECHAM5-wiso simulation. The error bars of the 1167 

proxies represent the standard errors of the precipitation reconstructions. 1168 

In the remainder of this section, we compare the simulated latitudinal variation of Mean 1169 

Annual Precipitation (MAP) during the MH to pollen-based reconstructions by Bartlein et al. 1170 

(2011). Overall, the simulated MAP magnitudes and latitudinal distribution by ECHAM5-wiso 1171 

are closer to the proxy reconstructions than the PMIP4 models (Fig. 13). More specifically, the 1172 

ECHAM5-wiso inter-annual means of the WAM’s northward extent compare well to the lower 1173 

latitudes pollen-based estimates over the Sahara with regards to the magnitude of changes and 1174 

the patterns from the Sahel towards the tropical ocean. However, all models (i.e., PMIP4 models 1175 
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and ECHAM5-wiso) failed to match the magnitudes of the proxy-based MAP increase over the 1176 

high latitudes of the Sahara. The simulated MAP increase over the Sahara was 100-300 mm/year 1177 

less than the proxy reconstruction. It is important to note that the calculated MAP anomalies used 1178 

present-day CRU observation data as a reference period for the proxies, while the GCMs used 1179 

their PI simulations. Although the different reference periods can contribute slightly to the 1180 

discrepancies, the magnitude of the difference is large enough to acknowledge significant 1181 

deviations and thus potential limitations of either the GCMs or the proxy-based reconstructions. 1182 

The simulated ECHAM5-wiso anomalies during the monsoon season indicated wetter conditions 1183 

up to 25 °N, with increased precipitation anomalies of approximately 700 mm/year (Fig. 3). This 1184 

suggests a potential overestimation of precipitation anomalies from the pollen-based records on 1185 

the annual scale due to their potentially biased representation of the dry seasons across the 1186 

Sahara. In addition to the pollen-based reconstructions, other diverse archives over West Africa 1187 

estimate precipitation differences in the range of 300-500 mm/month, which are within the range 1188 

of our model estimates (Harrison et al., 2014; Kröpelin et al., 2008; Tierney et al., 2017). On the 1189 

other hand, recent reconstructions of leaf wax-alkane records off the coast of northern Africa 1190 

suggest MAP of higher than 700 mm/year as far north as 31°N, implying an expansion of the 1191 

WAM in the MH to 15-20° north of its present-day extent (Sultan & Janicot, 2003; Tierney et 1192 

al., 2017). Sha et al. (2019) interpreted their Moroccan speleothem at 31°N with high negative 1193 

δ18O of carbonate records as a high rainfall signal created by the expansion of the WAM during 1194 

the MH. Paleoenvironment reconstructions also reflect wetter conditions in the MH with higher 1195 

lake levels and moisture-demanding biomes across North Africa (Kohfeld & Harrison, 2000; 1196 

Peyron et al., 2006; H. Wu et al., 2007). Vegetation reconstructions suggest a northward shift of 1197 

montane forest and a major extension of the tropical rainforest over North Africa (Jolly et al. 1198 

1998; Prentice et al. 2000). 1199 

Overall, the model-proxy comparison reveals that all the adopted GCMs show limited 1200 

skill in reproducing the northward migration of the WAM and associated rainfall increase over 1201 

the Sahara. This suggests that the shortcomings leading to these discrepancies are shared by all 1202 

models and are not GCM-specific. The WAM dynamics are sensitive to the representation of 1203 

climate physics in the GCMs. Their limitations include inaccuracies in representing clouds, 1204 

surface conditions (e.g., lakes and wetlands), energy fluxes, and subgrid-scale convection 1205 

parameterisation. Additionally, the coarse spatial resolution of GCMs weakens their ability to 1206 

reproduce the mesoscale convection systems that are the main driver for the WAM. Previous 1207 

studies have also indicated that fully coupled models exhibit biases in reproducing the tropical 1208 

Atlantic dynamics, leading to elevated sea surface temperatures and a weakened monsoonal 1209 

circulation (Roehring et al., 2013). In this study, the high spatial resolution of the ECHAM5-1210 

wiso experiment contributed to a better representation of surface conditions, such as orography. 1211 

Furthermore, the model was prescribed MH vegetation reconstruction. Contrarily, the PMIP4 1212 

models are fully coupled (atmosphere-ocean), incorporating ocean variability feedback, and 1213 

some consider dynamic vegetation feedback. Since all models, i.e. both ECHAM5-wiso and the 1214 

PMIP models, exhibit the above-mentioned deviations from proxy reconstructions, we propose 1215 

that the limitations are neither related solely to spatial resolution nor the use of fully coupled 1216 

models. Harrison et al. (2015) suggests the simulated biases of the PI control experiments of the 1217 

PMIP4-CMIP6, which indicate a more equatorward ensemble mean of the global monsoon when 1218 

compared to observations. Previous models have also shown that atmosphere-vegetation 1219 

feedback contributes to the northward extent of the WAM, but still underestimates the higher 1220 

latitude precipitation amount from the leaf wax n-alkanes (Dallmeyer et al., 2020; Pausata et al., 1221 
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2016; Thompson et al., 2019). Rachmayani et al. (2015) demonstrated that dynamic vegetation 1222 

enhances the orbitally driven increase in precipitation anomalies over West Africa by 20% when 1223 

compared to models using fixed vegetation. However, their models with terrestrial and ocean 1224 

feedback still did not reach the level of vegetation coverage suggested by proxies. 1225 

Recent studies have demonstrated that incorporating dust feedbacks associated with the 1226 

Green Sahara in the MH orbitally driven climate further enhances the northward reach and 1227 

intensification of the WAM (e.g., Thompson et al., 2019; Pausata et al., 2016; Hopcroft and 1228 

Valdes, 2019; Egerer et al., 2018) and better matches the paleoclimate reconstructions. This is 1229 

because the albedo-related feedback causes a reduction of dust concentration and changes in soil 1230 

properties over the vegetated Sahara, which induce an increase in incoming shortwave radiation 1231 

on the land surface, strengthening the warming over the Sahara. This further strengthens the 1232 

meridional temperature gradient and tropical circulation and then intensifies the WAM (Chandan 1233 

and Peltier, 2020; Pausata et al., 2016). Pausata et al. (2016) demonstrated the northward extent 1234 

of the WAM up to 31°N in the MH with a model forced with prescribed vegetation and reduced 1235 

dust concentrations, while the prescribed vegetation only reached ~26°N. These suggest that 1236 

simulating vegetation feedback with interactive dust dynamics on a high spatial resolution grid 1237 

would improve the representation of the MH. However, the state-of-art GCMs would require 1238 

improvement of their physical representation of dust dynamics, since they fail to reproduce dust 1239 

emission and transport (Evan et al., 2014; Kok, 2010; Leung et al., 2023; A. Zhao et al., 2022). 1240 

On the other hand, the plausible non-stationarity of the pollen-precipitation transfer function due 1241 

to changes in past climate dynamics from present conditions can also contribute to the mismatch 1242 

between climate simulation and paleoclimate reconstructions. Therefore, using a multi-proxy 1243 

system with varied causal mechanisms could ensure an accurate representation of the WAM 1244 

complex dynamics. 1245 

6 Conclusions 1246 

This study presents new and existing climate model simulations of the WAM and 1247 

associated features in the Late Cenozoic (i.e. the PI, MH, LGM and MP). More specifically, the 1248 

study presents an overview of the hydroclimate changes over West Africa and highlights the 1249 

components of the regional climate system that are important for generating accurate projections 1250 

of future climate. The paleoclimate experiments were conducted using the isotope-tracking 1251 

model (ECHAM5-wiso).  The simulated results are similar to the CMIP6-PMIP4 experiments 1252 

and proxy reconstructions over West Africa. However, our simulations also show some 1253 

improvement over previous experiments, and yield new insights. We summarise the key results 1254 

as follows: 1255 

1. A comparison between the present-day ECHAM5-wiso simulation and observation-1256 

based datasets (i.e., ERA5 and CRU precipitation and temperature datasets) demonstrates the 1257 

model’s ability to represent the atmospheric dynamics over West Africa reasonably well. 1258 

2. The ECHAM5-wiso paleoclimate simulations produce the most intense WAM during 1259 

the MH, despite the MP’s more enhanced hydrological cycle. In comparison, some of the 1260 

CMIP6-PMIP4 models suggest the highest intensification of the WAM in the MH (e.g., GISS-1261 

E2-1-G), while others suggest the MP (e.g., EC-Earth3-LR). 1262 

3. The intensification of the WAM is associated with a pronounced meridional gradient, 1263 

northward position of the ITD, northward reach of the core of the AEJ, higher altitudinal reach of 1264 
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the WAM (deeper monsoon depth), and higher moisture recycling through surface heat fluxes 1265 

due to vegetation across the Sahel-Sahara region. Most importantly, the AEJ is not entirely 1266 

responsible for the strengthening of the WAM, especially when large-scale features are 1267 

predominantly controlled by orbital forcings, as is the case in the MH. This needs to be well-1268 

represented in GCMs to ensure realistic and accurate future projections. 1269 

4. The simulation of the patterns and magnitude of δ18Op values and associated regional 1270 

climate elements (e.g., temperature and precipitation) during the monsoon season reveal a non-1271 

stationarity of their relationship throughout the late Cenozoic. Their changing relationships stress 1272 

the need to understand the causal mechanisms for each proxy system and refine their transfer 1273 

function to ensure accurate proxy-based reconstructions. 1274 

5. ECHAM5-wiso simulates the higher precipitation rates over the WAM region in the 1275 

MH than the CMIP6-PMIP4 models. Since our model uses a more accurate vegetation 1276 

reconstruction and a higher resolution, we propose that a greater consideration of vegetation 1277 

feedbacks, and sub-grid processes will increase other models’ representation of West African 1278 

climate during the MH.  1279 

6. All models still underestimate the northward extent of the WAM, as reconstructed with 1280 

proxies. If proxy reconstructions are taken as accurate, this suggests that the representation of 1281 

additional climate processes, such as dust loading, interactive vegetation, and surface conditions, 1282 

such as lakes, will have to be improved to ensure a more realistic prediction of the WAM’s 1283 

northward extent. 1284 
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Figure S1. Comparison of ECHAM5-wiso simulated long-term (1979-2014) seasonal 

means for WAM months with the CRU interpolated gridded dataset from weather 

stations. The simulated patterns indicate that ECHAM5-wiso reasonably represents a 

latitudinal belt of maximum precipitation (i.e., a rainbelt) during the West African 

Monsoon (WAM) season.   
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Figure S2. Seasonal (JJAS) long-term means of simulated precipitation by ECHAM5-wiso 

(a) and individual CMIP6-PMIP4 models (b-k) in response to the Pre-Industrial (PI) 

paleoenvironmental conditions used to estimate the respective precipitation anomalies 

in different past climates. 
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Figure S3. Seasonal (JJAS) long-term means of simulated precipitation by ECHAM5-wiso 

(a) and individual CMIP6-PMIP4 models (b-k) in response to the Mid-Holocene (MH) 

paleoenvironmental conditions. AWI-ESM-1-1-LR, MPI-ESM-2-LR, and ECHAM5-wiso 

show relatively more precipitation above 15 °N. However, the Pre-Industrial precipitation 

estimates reach higher latitudes in AWI-ESM-1-1-LR and MPI-ESM-2-LR compared to 

ECHAM5-wiso. 
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Figure S4. Seasonal (JJAS) long-term means of simulated precipitation by ECHAM5-wiso 

(a) and individual CMIP6-PMIP4 models (b-f) in response to the Last Glacial Maximum 

(LGM) paleoenvironmental conditions. Overall, ECHAM5-wiso indicates the lowest 

precipitation across the WAM region. 

 

Figure S5. Seasonal (JJAS) long-term means of simulated precipitation by ECHAM5-wiso 

(a) and individual CMIP6-PMIP4 models (b-f) in response to the Mid-Pliocene (mPlio) 
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paleoenvironmental conditions. Overall, CESM2 and EC-Earth3-LR indicate >30% more 

precipitation over the WAM region than the other climate models.  

 

 

 

Figure S6. Mean sea level pressure (background colour) and wind patterns (arrows) at 

the 850 hPa pressure level estimated for the WAM season in response to 

paleoenvironmental conditions (a) MH, (b) LGM, and (c) mPlio using ECHAM5-wiso.  
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Figure S7. Latitudinal vertical (pressure levels) cross-sectional patterns of seasonal (JJAS) 

means of vertical wind velocity (omega) in response to (a) PI, (b) MH, (c) LGM, and (d) 

mPlio paleoenvironmental conditions using ECHAM5-wiso. The omega values represent 

the speed of air motion in the upward or downward direction. Since vertical pressure 

decreases with height, negative values indicate upward, or ascent velocity, and positive 

values indicate downward or subsidence velocity.   

 

 

 

 

Figure S8. Evaporation - Precipitation anomalies during the WAM season (JJAS) 

estimated in response to the (a) MH, (b) LGM, and (c) mPlio paleoenvironmental 

conditions using ECHAM5-wiso. The positive values (red colour ranges) indicate more 

evaporation than precipitation, and vice versa for the negative values (blue colour 

ranges). The relatively higher evaporation in the MH than in mPlio suggests the role of 

surface fluxes in contributing to the intensification of the WAM.   

 

 

Figure S9.  Long-term annual means of precipitation (top panel) and near-surface 

temperature anomalies (bottom panel) estimated in response to the MH (a, d), LGM (b, 

e), and mPlio (c, f) paleoenvironmental conditions. 
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Figure S10. Vegetation fractional (i.e., the density of vegetation cover via the maximum 

vegetation fraction of a grid cell) prescribed as boundary conditions for the different past 

climate experiments. The values range from 0 to 1, with higher values indicating more 

vegetation cover.   

 

 

 


