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Abstract Previous studies on future scenarios identified two key effects of increasing CO2 on the African
summer monsoon (ASM): Rising CO2 leads to an enhancement in moisture supply, favoring an increase in
ASM precipitation (the thermodynamic effect). However, it also results in a weakening in mean atmospheric
flow, thus facilitating a dryness across the ASM region (the dynamic effect). Therefore, the ultimate change in
ASM precipitation stems from the balance of both the thermodynamic and dynamic effects. This study further
examines the impact of rising CO2 on ASM rainfall, by taking into account various climate states. Our results
suggest that an increase in CO2 during warm interglacial periods has a stronger influence from thermodynamic
factors than from dynamic factors, resulting in an enhancement in ASM rainfall. In contrast, if CO2 increases
under cold glacial climate backgrounds, its dynamic impact dominates a reduction of rainfall in most ASM
region.

Plain Language Summary The increase in carbon dioxide (CO2) levels influences African monsoon
rainfall mainly via two processes. First, the warming induced by rising CO2 leads to enhanced evaporation,
thereby increasing atmospheric water vapor content, which provides a greater moisture supply for precipitation
formation (the “thermodynamic effect”). Second, rising CO2 also weakens the tropical circulation, which
influences the dynamics of monsoon rainfall (the “dynamic effect”). Consequently, the final changes in
monsoon rainfall are determined by the combined effects of these two processes. In this study, through a set of
sensitivity simulations, we investigated the impact of rising CO2 on African summer monsoon (ASM) rainfall
during different climatic periods. Although the response in monsoon precipitation is not spatially uniform, our
results generally indicate that increased CO2 levels exert a greater thermodynamic impact than a dynamic one
during relatively warm interglacial periods, resulting in strengthened monsoon rainfall. Conversely, a dryness
over most of the ASM region is dominated by the dynamic effect when CO2 increases during cool glacial
periods. This research contributes to our understanding of the complex interplay between CO2 levels,
thermodynamic processes, and dynamic processes in shaping African summer monsoon rainfall. It also
underscores the importance of considering climatic periods and the relative strengths of different mechanisms
when assessing the impact of CO2 on monsoon systems.

1. Introduction
The African Summer Monsoon (ASM) is a key component of global monsoon systems. The rainfall associated
with the ASM bears high socio‐economic importance (Odoulami & Akinsanola, 2018). Hence, it is essential to
improve our understanding of the potential changes in African precipitation patterns due to climate changes.
However, the impact of global warming on ASM rainfall is complicated by significant heterogeneity among
models (Biasutti, 2013; Dosio et al., 2021; Dosio & Panitz, 2016; Laprise et al., 2013; Rowell et al., 2016). Some
studies indicate that an increase in carbon dioxide (CO2) concentrations is likely to intensify African monsoon
rainfall (e.g., Akinsanola & Zhou, 2019b; Akinsanola et al., 2020; Gaetani et al., 2017; Gbode et al., 2021; He
et al., 2020; James & Washington, 2013; Maynard et al., 2002). For example, under the Representative Con-
centration Pathway global warming scenarios RCP4.5 and RCP8.5, precipitation is projected to increase in most
parts of northern Africa (Akinsanola & Zhou, 2019b; Akinsanola et al., 2020). The results of a 150‐year transient
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climate simulation for 1950–2100, which accounts for a gradual increase of CO2, predict a notable increase in
monsoon precipitation in West Africa by the end of the 21st century (Maynard et al., 2002). Simulation results
based on the Climate Earth System Model (CESM) also project a substantial increase in rainfall in West Africa
during the 2070s compared to the modern climate state (Gbode et al., 2021). The increase of ASM rainfall can be
attributed to factors such as enhanced moisture convergence at low levels (e.g., D’Agostino et al., 2019, 2020;
Kitoh et al., 2013; Lee & Wang, 2014) and a greater interhemispheric thermal contrast (e.g., Jones et al., 2013;
Navarro et al., 2017). In contrast, some climate models project dryer futures in sub‐regions of Africa, for example,
the Atlantic coast (e.g., Biasutti, 2019; Delire et al., 2008; James et al., 2013) and in the Sahel region (e.g., Biasutti
& Giannini, 2006), and some models show no obvious changes in ASM rainfall (e.g., D’Agostino et al., 2019).
Even among models that show a consensus on the global warming‐induced signal, there are wide disparities in the
magnitude of rainfall changes and in the spatial and seasonal patterns (Biasutti, 2013; Rowell et al., 2016).
Furthermore, Biasutti (2013) points out that the direct effect of CO2 is to enhance the monsoon precipitation,
while warmer sea surface temperature (indirect effect of CO2) contributes to a drying over the Sahel area.

Previous studies (e.g., Akinsanola & Zhou, 2019a; D’Agostino et al., 2019, 2020) have found that under modern
climate conditions and future scenarios, the influence of rising CO2 on monsoon precipitation exhibits a dual
nature: On one hand, it increases the atmospheric water vapor content, facilitating a greater moisture supply for
precipitation formation, generally known as the “thermodynamic effect.” On the other hand, it also weakens the
intensity of monsoon circulation, hence contributing to a reduction in monsoon rainfall (commonly referred to as
the “dynamic effect”). In the context of future global warming scenarios, the projected change in monsoon
precipitation is attributed to the combined impacts of both thermodynamic and dynamic factors.

Past research on the effects of CO2 has primarily based on simulations for modern climate states and future
scenarios. A question is whether such influence of CO2 is applicable to other climate states that differ significantly
from the present. In a more recent model study based on AWIESM, Shi et al. (2023) have shown that increased
greenhouse gas concentrations lead to a dryness in northern Africa as well as other Northern Hemisphere
monsoon regions under the Last Glacial Maximum climate condition. However, using the same model, an in-
crease in northern Africa precipitation is simulated in the future scenario compared to the historical period
(Semmler et al., 2020). This indicates a climate‐dependency of global warming on ASM rainfall. To gain insight
into this subject, here we examine the influence of increasing CO2 levels on African monsoon precipitation under
various climate states. This is achieved through a series of sensitivity simulations, covering three warm inter-
glacial periods and two cold glacial periods. Details on the model employed in the present study, as well as our
experimental design, are given in Section 2. In Section 3, we illustrate our simulated results. Finally, we discuss
and conclude in Section 4.

2. Methods
The model used in this study, AWIESM2, is a state‐of‐the‐art Earth system model developed at the Alfred
Wegener Institute (AWI) (Sidorenko et al., 2019). It consists of an atmospheric component, ECHAM6 (Stevens
et al., 2013), which includes a land‐surface component JSBACH representing dynamic vegetation with two types
of bare surface and multiple plant functional types (Brovkin et al., 2009; C. Reick et al., 2013; C. H. Reick
et al., 2021), as well as an ice‐ocean model FESOM2 employing a multi‐resolution dynamical core based on finite
volume formulation (Danilov et al., 2017). The atmosphere grid applied in the present study is T63L47, which has
a global mean spatial resolution of 1.875° with 47 vertical levels. A spatially variable resolution is used for the ice‐
ocean component (Figure S1 in Supporting Information S1), from about 100 km in the open ocean to 25 km over
polar areas and 35 km for the equatorial belt and along coastlines. Vertically, there are 46 uneven layers in the
ocean. We perform five equilibrium simulations using AWIESM2, including three interglacial periods (pre‐in-
dustrial (PI), mid‐Holocene (MH), and last interglacial (LIG)) and two glacial periods (Last Glacial Maximum
(LGM) and Marine Isotope Stage 3 (MIS3)). Each simulation is followed by a 2 ×CO2 experiment (labeled as
PI_CO2, MH_CO2, LIG_CO2, LGM_CO2, and MIS3_CO2). For further details on experimental design, please
refer to the Supporting Information S1 (Text S1). Moreover, to examine the mechanisms driving changes in ASM
precipitation, a moisture budget analysis is conducted, which has been employed extensively in a number of
previous studies (e.g., Akinsanola & Zhou, 2019a; D’Agostino et al., 2019, 2020; Peng & Zhou, 2017; Trenberth
& Guillemot, 1995). This approach is detailed in Text S2 in Supporting Information S1.
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3. Result
3.1. Different Background Climates

Prior to examining the response of ASM to increased CO2 levels, it is important to look at the contrasting features
of the simulated June‐July‐August‐September (JJAS) background climates across the five selected time periods.
Following Shi, Werner, Krug, et al. (2022), we adjust the calendar for each experiment so that it matches the
seasonal insolation cycle. The modeled global surface air temperature (GMT) during JJAS is 15.5°C, 15.6°C and
16.9°C for PI, MH and LIG, respectively, while a relatively lower JJAS‐mean GMT is simulated for LGM
(11.1°C) and MIS3 (13.0°C). The spatial anomalies in surface air temperatures during JJAS with respect to PI, as
shown in Figure S2 in Supporting Information S1, indicate a prevailing warming for MH and LIG. This warming
tendency is particularly prominent in the Northern Hemisphere. Conversely, the two glacial time periods exhibit a
general cooling pattern. The most noticeable cooling in the LGM and MIS3 occurs in the Northern Hemisphere
land‐ice area due to the high albedo and elevation of the ice sheets, and also happens in the subpolar Southern
Ocean where sea ice presents (Figure S3 in Supporting Information S1).

The simulated PI precipitation, shown in Figure S4 in Supporting Information S1, exhibits reasonable agreement
with observational data (Adler et al., 2018), although local wet biases are observed during both boreal summer
and winter at the respective location of the Intertropical Convergence Zone (ITCZ). Such biases are common and
are also present in other models (Gent et al., 2011; Lin, 2007; Sidorenko et al., 2015). Changes in annual mean
precipitation between our paleo and PI simulations are shown in Figure S5 in Supporting Information S1. There is
increased rainfall over the ASM region during the MH and LIG, with the increase being more pronounced in the
LIG than in the MH (Figures S5a and S5b in Supporting Information S1). Additionally, wetter conditions are
observed in other Northern Hemisphere monsoon regions, such as North America and South Asia, associated with
a northward displacement of the ITCZ. In general, our results align well with proxy‐based precipitation records
compiled by Bartlein et al. (2011) and Scussolini et al. (2019), although the model tends to slightly underestimate
the wetting at certain sites in northern Africa and Eurasia. We also assess the model's performance in representing
precipitation changes between LGM and PI using pollen records (Bartlein et al., 2011). Overall, both the model
and the proxies agree on the pronounced dryness over most Northern Hemisphere continents (Figure S5c in
Supporting Information S1). Our results on precipitation changes between MH, LIG, LGM, and PI are generally
consistent with other PMIP4 models (Brierley et al., 2020; B. L. Otto‐Bliesner et al., 2021; Kageyama
et al., 2021). For MIS3, to the best of our knowledge, no comprehensive compilation of precipitation re-
constructions is available. However, some individual site‐based studies suggest wetter conditions in northern
Africa during MIS3 compared to PI (Kuechler et al., 2013), which is in agreement with our model results (Figure
S5d in Supporting Information S1).

For more detailed information on the simulated glacial/interglacial climate and its comparison with proxy re-
cords, please refer to Shi, Werner, Wang, et al. (2022) and Shi et al. (2023).

3.2. Responses of Africa Summer Monsoon Rainfall to Doubling CO2

Rising CO2 levels causes a consistent increase in GMT during JJAS across the 5 selected time periods, albeit with
varying degrees of magnitude. In the context of interglacial conditions, doubling CO2 leads to a rise in JJAS‐mean
GMT by around 2.1–2.3°C. This temperature difference is slightly greater for the 2 specific glacial periods under
consideration, ranging around 2.4–2.5°C. Moreover, we detect more pronounced surface warming over colder
surfaces (Figure S6 in Supporting Information S1), for example, the areas of ice sheets and marginal sea ice. In
LGM_CO2 and MIS3_CO2, one intriguing feature is the warming over Southern Ocean south of 60°S where sea
ice exists. This leads to a reduction in meridional thermal gradient in LGM_CO2 and MIS3_CO2. CO2 increase
also affects Arctic temperatures: all sensitivity experiments exhibit a polar amplification signature. This feature is
particularly pronounced in LGM_CO2.

The responses of JJAS‐mean Africa rainfall to CO2 increase are illustrated in Figure 1. It is evident that for the
three interglacial time periods, northern Africa experiences a more humid climate condition with higher CO2
levels, though with varying magnitudes and spatial patterns. The western coastal subregion in PI_CO2 and
MH_CO2 experiences the most pronounced increase in rainfall (Figures 1a and 1b), particularly over the Guinean
area. An exception is the western Sahel where a slight dryness is obtained. In LIG_CO2, precipitation increases
substantially over the central‐eastern Sahel and Sahara regions (Figure 1c), while decreases in an area close to the
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North Atlantic coastline. In contrast, glacial simulations show a southward shift of the ITCZ and a general dryness
in northern Africa due to increased CO2, predominantly concentrated in the south of the Sahel region (Figures 1d
and 1e).

3.3. Moisture Budget Decomposition

We also observe a spatial heterogeneity in the precipitation response to a doubling of CO2 within the monsoon
domain. In PI_CO2 and MH_CO2, the changes in precipitation appear to be more pronounced in the western
region. In LIG_CO2, contrast anomalies can be found between western coastal and interior regions, and changes
in the subtropical zone are more prominent than those in the tropical areas. Moreover, despite a general tendency
toward aridity, the western coastal region experiences a notable increase in precipitation in MIS3_CO2 relative to
MIS3.

Similar to Monerie et al. (2020), we divide the ASM area into 4 sub‐regions (SC: southern coastal; NC: northern
coastal; SI: southern inland; NI: northern inland, as seen in Figure 1f). To quantitatively understand the con-
trasting responses of ASM precipitation to the increase in CO2 levels under interglacial and glacial boundary
conditions and its spatial heterogeneity, we perform a moisture budget analysis (described in the Supporting
Information S1). For each selected sub‐region, the specific contribution of each component is calculated by
averaging its values within the ASM domain in the corresponding sub‐region. Here the ASM domain is defined as
the area where the precipitation anomaly between JJAS and DJFM exceeds 2 mm/day (D’Agostino et al., 2019).

For all of the 4 sub‐regions, the results indicate a positive impact on net precipitation resulting from the ther-
modynamic component (dTH, represented by the blue bars) in all experiments with rising CO2 (Figures 1g–1j),
attributed to an enrichment in atmospheric moisture content (Figures 2k–2o). Note that for the NC and NI regions,
no data is provided for experiments PI, LGM, and MIS3, as the monsoon domains in these simulations are
restricted to within 15°N. In the SC area, as shown in Figure 1g, while a negative impact from the dynamic term
(dDY, depicted in red) is obtained for PI, MH and MIS, it is minor compared to the thermodynamic effect.
Consequently, the wetter condition observed in SC in these simulations (referred to as dPE and depicted in green)

Figure 1. (a–e) Precipitation anomalies (mm/day) over Africa during JJAS for (a) PI_CO2 minus PI, (b) MH_CO2 minus
MH, (c) LIG_CO2 minus LIG, (d) LGM_CO2 minus LGM, and (e) MIS3_CO2 minus MIS3. Non‐slashed areas indicate
significant changes at 95% confidence level based on Student's t test. Areas within red (blue) lines represent ASM domains for
reference (doubling CO2) simulations. The ASM domain is defined as area with JJAS‐minus‐DJFM precipitation exceeding
2 mm/day, following D’Agostino et al. (2019). Boxes in (f) represent sub‐regions of northern Africa. (g–j) Regionally averaged
net precipitation (dPE) changes (mm/day), and changes in thermodynamic (dTH) and dynamic (dDY) components of the
moisture budget, as well as its residual (Res) for (g) southern coastal region, (h) southern inland region, (i) northern coastal
region, and (j) northern inland region. Note that only grid boxes within the ASM domain are considered, and values are only
calculated if there are more than 20 grid boxed available.
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is attributed to the dTH factor. During LIG and LGM, the thermodynamic and dynamic components in the SC
region exhibit opposite effects of similar magnitude. Moreover, we observe a positive contribution from the
transient eddies, represented by the residual term (Res). As a result, the slight increase in precipitation can be
attributed to the combined effects of the thermodynamic (dTH) and the residual term (Res). This is also the case
for LIG_CO2 in the SI region (Figure 1h). In the SI zone (Figure 1h), all simulations with rising CO2 again yield a
negative contribution from the dynamic components. Nonetheless, the changes in net precipitation under glacial
and interglacial conditions are contrary: in LGM_CO2 and MIS3_CO2, substantial negative contribution exerted
by dDY overpowers the positive contribution stemming from dTH and therefore dominates a reduction in net
precipitation. Whereas in interglacial climates except the LIG_CO2, the dynamic term plays a minor role, and the
positive dTH factor leads to a more humid condition. This is similarly applicable to MH in the NC region
(Figure 1i). In LIG_CO2, thermodynamic and dynamic factors mutually reinforce each other in the NI area

Figure 2. Anomalies in (a–e) JJAS net energy input (f–j) top‐of‐atmosphere outgoing longwave (W/m2), (k–o) vertical
integrated moisture (km/m2), (p–t) 925 hPa geopotential height (m), and (u–y) zonal winds at all levels averaged over Africa,
for (a, f, k, p, u) PI_CO2 minus PI, (b, g, l, q, v) MH_CO2 minus MH, (c, h, m, r, w) LIG_CO2 minus LIG, (d, i, n, s, x)
LGM_CO2 minus LGM, and (e, j, o, t, y) MIS3_CO2 minus MIS3. Non‐slashed areas indicate significant changes at 95%
confidence level based on Student's t test. Vectors in (p–t) represent 925 hPa winds anomalies (m/s). Contours in (u–y) are for
Africa zonal winds at all levels in reference simulations.
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(Figure 1j), resulting in a great wettening tendency. Conversely, the NC area in LIG_CO2 experiences a reduction
in monsoon rainfall compared to LIG, most attributed to the dynamic and residual components. This highlights
prominent influences from the atmospheric mean flow and transient eddies. The spatial pattern (Figure S7 in
Supporting Information S1) demonstrates a dipole change in the dynamic component for the Last interglacial,
which generally exerts a negative (positive) influence on net precipitation across tropical (northern) Africa,
implying a northward shift of the atmospheric mean flow.

Given above, the striking contrast in the ASM rainfall response to rising CO2 during glacial and interglacial
periods is intricately connected to the dynamic component. While the dynamic component predominantly in-
fluences the anomalous moisture budget in most African monsoon regions in glacial experiments (particularly the
SI region), it bears lesser significance in interglacial simulations. Therefore, examining the dDY term is key to
understanding the contrast responses of ASM rainfall under global warming.

3.4. Mechanisms of the dDY

Since the dDY term is associated with changes in tropical circulation, in the following analysis, we focus on two
important relevant factors: the tropical overturning (i.e., the ascending branch of the Southern Hemisphere Hadley
cell) and the African easterly jet (AEJ). Both are key processes affecting the ASM dynamics.

3.4.1. Tropical Overturning

It is widely acknowledged that the tropical atmospheric mass flux experiences a decline in strength as a result of
rising temperatures, typically coinciding with a reduction in the intensity of the ascending branch of the Hadley
circulation (D’Agostino et al., 2017; Lionello et al., 2024). The weakening of the tropical overturning can be
attributed to certain complementary thermodynamic constraints. One such constraint is the faster increase in
tropical dry static stability compared to subtropical radiative cooling (Knutson & Manabe, 1996), another is the
slower increase of the global hydrological cycle compared to lower tropospheric water vapor (Held &
Soden, 2006). The modeled reduction in tropical overturning in most of our experiments with rising CO2 aligns
well with previous findings (Figure S8 in Supporting Information S1). One exception is the LIG_CO2 experiment
which presents the opposite (Figure S8c in Supporting Information S1). We also observe that the tropical ascent in
the LGM_CO2 and MIS3_CO2 exhibits a more pronounced weakening compared to PI_CO2 and MH_CO2.

In order to understand the distinct tropical overturning responses associated with rising CO2 levels in different
climates, here we analyze changes in the net energy input (NEI) into the atmosphere (i.e., the difference in
radiative fluxes between the top‐of‐atmosphere and the Earth's surface) (Figures 2a–2e). Evident from Figure 2c,
compared to LIG, the NEI anomaly in LIG_CO2 exhibits predominantly positive values across southern Eurasia
and the majority of northern Africa, particularly in the central‐eastern area (e.g., the NI and SI subregions). To
compensate for these changes in NEI, more energy should be transported away through a strengthening of the
atmospheric circulation in LIG_CO2. Whereas for experiments PI_CO2, MH_CO2, LGM_CO2 and MIS_CO2, in
the absence of such strong land‐sea NEI contrast (Figures 2a and 2b), the increased static stability dominates a
weakening in the tropical circulation. In a warming climate, static stability in the tropics increases as the strength
of the hydrological cycle increases more slowly than does the moisture near the surface (Held & Soden, 2006). In
the LGM_CO2 experiments, the increase in NEI is even more pronounced in the tropical oceans compared to
continents, as LGM_CO2 exhibits a decrease in NEI over northern Africa and a simultaneous increase in NEI over
the adjacent oceans to the south.

Another factor affecting the tropical circulation is the change in interhemispheric contrast in NEI. Such a change
necessitates anomalous meridional energy transport to restore energy balance. During summer, most of this
transport is facilitated by monsoonal circulations (D’Agostino et al., 2019; Heaviside & Czaja, 2013;
Walker, 2017). As a result, this would lead to a shift of the monsoonal circulation's ascending branches and
precipitation maxima toward the hemisphere with higher NEI, along with a potential strengthening of the cir-
culation (Bischoff et al., 2017; D’Agostino et al., 2017; T. Schneider et al., 2014). Here we calculate for each
experiment the interhemispheric contrast in NEI in the tropics, defined as the NEI difference between 0 and 30°N
and 0–30°S. Only LIG_CO2 shows an enhanced interhemispheric NEI contrast compared to its reference climate,
with an anomaly of 1.1 W/m2, while other experiments configured with rising CO2 show a negative change
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(− 0.18 W/m2 for PI_CO2‐PI; − 0.67 W/m2 for MH_CO2‐MH; − 1.29 W/m2 for LGM_CO2‐LGM; and − 0.39
W/m2 for MIS_CO2‐MIS).

To gain an understanding of why the continental NEI and interhemispheric NEI contrast specifically increases
only in the LIG_CO2 experiment, we conduct further analysis for the individual component contributing to the
NEI. This involves examining the top‐of‐atmosphere radiative fluxes and the radiative and turbulent fluxes at the
surface. Our analysis revealed that an important factor responsible for the NEI changes in LIG_CO2 is a decrease
in outgoing longwave flux at the top of the atmosphere, specifically observed over northern Africa (mostly in the
NI and SI subregions) and southern Eurasia (Figure 2h). This reduction in longwave flux can be attributed to an
increase in water vapor in the atmosphere column (Figure 2m), which absorbs more longwave flux. Then another
question arises: why is there such a pronounced increase in the water vapor exclusively in the LIG_CO2
experiment? Due to orbital configuration, the Northern Hemisphere summer insolation in LIG is much stronger
compared to other reference experiments (PI, MH, LGM, and MIS3), facilitating a deeper monsoon system (see
contours in Figures 2u–2y, the top of the monsoon layer is where the zonal wind component equals zero, going
from westerly downward to easterly upward) and a stronger Saharan Heat Low (SHL) (a large‐scale area of low
pressure, high temperatures, and dry air over northern Africa, Figure S9 in Supporting Information S1). The rise
of CO2 levels further increases the monsoon depth in LIG_CO2 (shadings in Figure 2w). Additionally, it promotes
a pronounced anomalous low pressure system north of 25°N (i.e., an enhanced SHL) and westerlies along its
southern flank (Figure 2r). This impact is relatively minor in other sensitivity experiments (Figures 2p, 2q, 2s, and
2t). Therefore, the increased intensity and expanded vertical range of the westerly winds in LIG_CO2 facilitate a
more efficient transportation of moisture from the Atlantic Ocean to Africa.

Though a doubling of CO2 introduces a global warming in our sensitivity simulations at similar degrees
(2.1–2.5°C), the increase in atmospheric moisture is significantly smaller in LGM_CO2 and MIS_CO2
compared to the interglacial experiments (Figures 2k–2o), which provides a constraint on the thermody-
namic influence of CO2. This is principally attributable to the non‐linear correlation between temperature
and moisture content. Specifically, as temperature rises, so does saturation vapor pressure of water vapor.
Therefore, humidity rises less in colder climates for the same temperature increase compared to warmer
climates.

A reduced temperature gradient between the tropics and the extratropics has a weakening effect on the strength of
the Hadley cell (D’Agostino et al., 2017), and the African summer monsoon is closely linked to the ascending
branch of the Hadley cell. Such a decrease in tropic‐extratropic temperature gradient is seen in the Northern
Hemisphere in all experiments, as the continents and ice sheets experience more warming than the tropical areas
(Figure S6 in Supporting Information S1). For the Southern Hemisphere, however, the most pronounced warming
happens over sea ice‐covered regions (Figures S6d and S6e in Supporting Information S1). Notably, only the
glacial experiments show an extensive sea ice extent that reaches the extratropics, as far north as 50°S in the
Atlantic sector (Figure S3 in Supporting Information S1). The enhanced warming of the extratropical sea ice areas
in the glacial simulations results in a reduction of the tropic‐extratropic temperature gradient, which in turn
weakens the Hadley circulation.

3.4.2. African Easterly Jet (AEJ)

Over northern Africa, the SHL fosters a high‐pressure system above (i.e., the Saharan high), with its core typically
located at around 600 hPa. Along the southern edge of the Saharan High, strong easterly winds, known as the
African Easterly Jet (AEJ), emerge as a result of Coriolis accelerations acting on the northerly outflow from the
Saharan High system. Previous studies have indicated that the AEJ plays a crucial role in regulating northern
Africa precipitation by carrying moisture away from the continent below the condensation level, thus reducing
moisture supply over northern Africa (e.g., Cook, 1999; Rachmayani et al., 2015; Rowell, 2003). The Saharan
High weakens in LIG_CO2 (Figure 3c). Meanwhile, the 600 hPa geopotential height increases over tropical
Africa. This dipole pattern implies a decline in the north‐south pressure gradient, leading to a weakened AEJ
(Figure 3h). As a consequence, positive anomalous inland moisture transport presents over northern Africa in
LIG_CO2 (Figure 3m). The weakened Saharan High and AEJ are also associated with a vertical expansion of the
monsoon system. During the LIG, the ASM is both stronger and deeper (Figure 2w) compared to other reference
experiments. The increase in CO2 further amplifies the monsoon system, with this effect being more pronounced
in LIG_CO2 than in the other simulations. In LIG_CO2, the AMS not only expands northward but also extends
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vertically, introducing anomalous negative pressure and westerly winds at the 600 hPa level. Conversely, for the
glacial experiments with rising CO2 (i.e., LGM_CO2 and MIS3_CO2), the Saharan high, meridional pressure
gradient, and AEJ are all enhanced (Figures 3d, 3e, 3i, and 3j). This results in more moisture being exported from
inland toward the west coast (Figures 3n and 3o). In PI_CO2 and MH_CO2, the changes in AEJ are relatively
minor (Figures 3f and 3g) due to small changes in meridional contrast in geopotential heights (Figures 3a and 3b).
Thus, the enhanced ocean‐to‐land moisture transport in PI_CO2 and MH_CO2 as seen in Figures 3k and 3l is
mainly a result of increased water vapor in the atmosphere rather than atmospheric circulation changes.

3.5. Role of the Atlantic Meridional Overturning Circulation (AMOC)

The Atlantic Meridional Overturning Circulation (AMOC) plays a crucial role in modulating precipitation pat-
terns over northern Africa, with its influence on regional climate variability on millennial timescales being
potentially comparable to that of changes in insolation (Menviel et al., 2021). Our results reveal a significant
weakening of the AMOC in the PI_CO2, MH_CO2, and LIG_CO2 simulations, with a reduction of 5.1 Sv, 3.7 Sv,
and 3.86 Sv, respectively (Figure S10 in Supporting Information S1). The weakening of AMOC is a well‐
documented response to global warming and is consistently reproduced in most climate model projections
(Bellomo et al., 2021; Cheng et al., 2013). It is associated with reduced meridional oceanic heat transport to the
North Atlantic, which leads to a cooling of the North Atlantic and a warming of the South Atlantic. This
interhemispheric energy asymmetry, superimposed on the broader CO2‐induced global warming (Figure S6 in
Supporting Information S1), results in less evaporation from the North Atlantic, reduced ocean‐to‐land moisture
transport, and a southward displacement of the ITCZ (Ben‐Yami et al., 2024; Kageyama et al., 2013; Lionello
et al., 2024; Stouffer et al., 2006) due to atmospheric cross‐equatorial energy regulation accomplished by Hadley
circulation (Nicknish et al., 2023). These changes contribute to drier conditions in northern Africa.

Figure 3. Anomalies in (a–e) 600 hPa geopotential height, (f–j) 600 hPa zonal wind (westerlies positive), and (k–o) vertical
integrated zonal moisture flux, for (a, f, k) PI_CO2 minus PI, (b, g, l) MH_CO2 minusMH, (c, h, m) LIG_CO2 minus LIG, (d,
i, n) LGM_CO2 minus LGM, and (e, j, o) MIS3_CO2 minus MIS3. Units: m, m/s, and kg/(ms).
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Our model results further support the positive correlation between the AMOC strength and precipitation in the
African monsoon system (Figure S11 in Supporting Information S1). However, in glacial simulations with rising
CO2, while the AMOC becomes shallower, there is no substantial change in its overall strength, suggesting that
the AMOC's response to CO2 is climate‐dependent. Given above, during interglacial periods, the weakened
AMOC appears to limit the moisture availability for the ASM, thereby dampening the response of precipitation to
rising CO2. In contrast, under glacial conditions, where no significant AMOC weakening occurs in response to
CO2, the ASM precipitation response is primarily governed by atmospheric processes rather than oceanic
feedbacks.

4. Discussion and Conclusions
Previous studies have shown that, the increase in carbon dioxide (CO2) levels leads to more precipitation in the
monsoon regions, as a result of increased amount of atmospheric water vapor (e.g., Akinsanola & Zhou, 2019a;
D’Agostino et al., 2019, 2020). This is typically known as the “thermodynamic effect.” However, in a warmer
climate, static stability in the tropics increases, favoring a weakening in tropical circulation (Knutson & Man-
abe, 1996; Held & Soden, 2006; D’Agostino et al., 2017) and a decrease in monsoon strength (the “dynamic
effect”). Hence, the ultimate change of monsoon rainfall results from a balance between the thermodynamic and
dynamic effects. However, there remains a lack of knowledge due to the linear combination of CO2 increase with
other boundary conditions on the relative importance of thermodynamic and dynamic effects. In this respect, the
question is arguing because the climate mean state can influence the atmospheric response in a surprising way. In
the present study, we perform double‐CO2 experiments under various climate conditions, encompassing three
interglacial (PI, MH, and LIG), and 2 glacial periods (LGM and MIS3). Through these experiments, we reveal
that the African monsoon response to global warming depends on the background climate state. Our model results
suggest that under warm interglacial climate states, northern Africa experiences increased precipitation as a result
of rising CO2, whereas the opposite case is found for the cold glacial states. In our interglacial experiments, it is
observed that an increase in atmospheric moisture is the main contributor to the wetter conditions in the ASM
area. Whereas, our glacial experiments reveal that the overwhelming factor impacting ASM precipitation is the
“dynamic effect” associated with rising CO2 levels. This dynamic effect leads to a slowdown in tropical circu-
lation, ultimately resulting in reduced precipitation in the ASM region. Moreover, a spatial heterogeneity in the
precipitation responses to increased CO2 is observed. Under glacial climates, the reduced rainfall in the ASM
domain due to increased CO2 is mostly restricted to the interior continent, influenced by a negative contribution
from the “dynamic effect.” Conversely, the western coastal region experiences a generally wetter condition due to
the “thermodynamic effect.” Under PI and MH climates, an increase in CO2 leads to enhanced precipitation
across the majority of the ASM region, primarily attributed to the “thermodynamic effect”; however, this
response is markedly more pronounced in the western coastal area compared to the central and eastern regions.
Under last interglacial state, the ASM domain is dominated by an enhancement in monsoon precipitation, this
stems from a mutual reinforcement of both dynamic and thermodynamic factors. However, a specific region in
western coastal Africa that exhibits a clear drying tendency, resulted from changes in atmospheric circulation and
transient eddies.

The observed decline in the tropical circulation as simulated in most of our experiments with rising CO2 coincides
with an expansion and weakening of the atmospheric circulation under global warming suggested by previous
studies suggesting (D’Agostino et al., 2017; Gastineau et al., 2008; Hu et al., 2018; Lionello et al., 2024; Lu
et al., 2007; Yang et al., 2020, 2023). The degree of this weakening is relatively greater in our glacial simulations
than that in the interglacial experiments. The negative contribution from the dynamic term in the glacial simu-
lations dominates over the increase in specific humidity (i.e., the thermodynamic term) on the rainfall changes.
Another intriguing feature in our model study is the strengthening in the ascending branch of the Hadley cir-
culation caused by rising levels of CO2 under warm LIG climate condition. This strengthening is caused by an
increase in Net Energy Input (NEI) over Northern Hemisphere subtropical continents, especially northern Africa,
Saudi Arabia, Indian and South China, as well as an enhanced interhemisphere NEI contrast. The spatial pattern of
dDY component for LIG_CO2 exhibits a drying tendency in the Sahel region (Figure S7 in Supporting Infor-
mation S1), implying a decrease in moisture convergence related to a weakened atmospheric mean flow.
However, compared to the other experiments, the northern border of ASM domain in LIG expands significantly to
approximately 20°N, and monsoon areas outside the Sahel region are dominated by positive dDY values. The
dipole pattern of dDY is associated with a northward shift of the tropical circulation. In our glacial simulations
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with rising CO2 levels, no pronounced contrast is found for NEI changes over tropical oceans and northern Africa.
This fact, together with a strong warming over regions south of 60°S that largely diminishes the meridional
temperature gradient, as well as a decreased interhemisphere NEI contrast, are responsible for the substantial
weakening in tropical overturning.

The results in the present study are based on idealized model simulations that solely focus on changes in CO2
concentration. However, in reality, CO2 cannot be the exclusive variable boundary condition. At a glacial‐
interglacial time scale, especially, alterations in greenhouse gases are often accompanied by concurrent
changes in sea level and ice sheets, which can also exert a significant influence on ASM precipitation. For
example, the presence of the Laurentide and Scandinavian ice sheets is an important factor in forming a dry
climate during the LGM (Cao et al., 2019; Shi et al., 2023). Additionally, sea level rise and subsequent reduction
in continental area have been simulated to induce drying in the ASM region (refer to Figure 7f in Cao et al., 2019).
It is therefore anticipated that during deglaciation periods, changes in ASM precipitation are regulated by the
combined effects from increased CO2 concentration, rising sea levels, and reduced ice sheet elevation.

In addition to atmospheric factors, the oceanic processes can also have an important influence on the African
precipitation. Using an intermediate climate model, an “upped‐ante mechanism” was identified: when greenhouse
gases increase, a warmer troposphere raises the threshold of surface boundary layer moisture necessary for
convection to occur (Neelin et al., 2003). This threshold can be achieved with adequate moisture supply, with one
important moisture source region being the subtropical North Atlantic. A North Atlantic Relative Index (NARI)
has been introduced (Giannini et al., 2013), defined as the difference between SST averaged across the sub‐
tropical North Atlantic (10°N–40°N, 75°W–15°W) and the global tropical oceans (20°S–20°N). Model pro-
jections indicated a robust correlation between the NARI and variability in Sahel rainfall (Giannini et al., 2013;
Giannini & Kaplan, 2019). Similarly, our simulations suggest a general linear relationship between ASM pre-
cipitation and NARI (Figure S12 in Supporting Information S1). Moreover, the AMOC shows varying responses
across different experiments: weakened AMOC is obtained in the three interglacial simulations (PI_CO2,
MH_CO2, and LIG_CO2), favoring less ASM precipitation and therefore dampening the effect of rising CO2. In
contrast, under glacial boundary conditions, the ASM precipitation response to CO2 is driven mainly by atmo-
spheric processes due to the rather small change in the strength of AMOC.

To conclude, our model results agree with previous studies on the fact that the response of the African summer
monsoon precipitation to increasing CO2 concentration is contingent upon a compensation between the ther-
modynamic and dynamic effects. We further find that the degree of such compensation depends significantly on
the background climate configurations (e.g., orbital parameters, ice sheets, sea ice, etc). This study enhances our
comprehension of the intricate relationship between global warming, thermodynamic processes, and dynamic
processes in influencing rainfall patterns during the African summer monsoon phase. It also emphasizes the
significance of taking into account specific climatic periods and evaluating the varying impacts of different
mechanisms when analyzing the effects of CO2 on monsoon systems.

Data Availability Statement
The model outputs related to the present study are available on Zenodo repository (Shi, 2024).
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