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a b s t r a c t 

The authors explore the response of the Northern African (NAF) monsoon to orbital forcing in the Last Inter- 

glacial (LIG) compared with its response to greenhouses gas (GHG) forcing under the SSP5-8.5 scenario sim- 

ulated in CMIP6. When the summer surface air temperature increases by 1 °C over the Northern Hemisphere, 

the NAF monsoon precipitation and its variability during the LIG increase by approximately 51% and 22%, re- 

spectively, which is much greater than under SSP5-8.5 (2.8% and 4.3%, respectively). GHG forcing enhances 

the NAF monsoon mainly by increasing the atmospheric moisture, while the LIG’s orbital forcing intensifies the 

NAF monsoon by changing the monsoon circulation. During the LIG, models and data reconstructions indicate a 

salient hemispheric thermal contrast between the North and South Atlantic, strengthening the mean-state NAF 

monsoon precipitation. The interhemispheric temperature contrast enhances atmosphere–ocean interaction and 

the covariability of the northward sea surface temperature gradient and Saharan low, strengthening the NAF 

monsoon variability. 
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. Introduction 

The Last Interglacial (LIG; 129–116 ka), a past warm epoch, pro-

ides a different perspective on understanding the mechanism of fu-

ure climate change. There is an equilibrium simulation for the LIG,

amed lig127k , included in phase 6 of the Coupled Model Intercompari-

on Project (CMIP6) and in phase 4 of the Paleoclimate Modeling Inter-

omparison Project (PMIP4) ( O’Neill et al., 2016 ; Otto-Bliesner et al.,

017 ). The lig127k experiment is designed to understand the climate

esponse to strong orbital forcing, while the atmospheric greenhouse

as (GHG) concentration is similar to the pre-industrial (PI) condition

 Otto-Bliesner et al., 2017 ). The LIG orbital forcing results in a stronger

oreal summer insolation in the Northern Hemisphere (NH) than the

outhern Hemisphere (SH) relative to the PI, which enhances the inter-

emispheric thermal contrast. Compared to the LIG experiment, the
∗ Corresponding author. 

E-mail address: weiyisun@njnu.edu.cn (W. Sun). 

ttps://doi.org/10.1016/j.aosl.2022.100320 

eceived 10 October 2022; Revised 16 November 2022; Accepted 1 December 2022 

vailable online 6 December 2022 

674-2834/© 2022 The Authors. Publishing Services by Elsevier B.V. on behalf of Ke

Y-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
SP5-8.5 experiment, an extreme GHG emission scenario, represents

 high future pathway toward a radiative forcing of 8.5 W m 

− 2 in

100. Since previous studies indicate that the Northern African (NAF)

onsoon is quite sensitive to climate change (e.g., Wang et al., 2021 ;

ao et al., 2020 , 2022 ), it is important to compare the response of the

AF monsoon under the LIG with the SSP5-8.5 scenario. 

In terms of the mechanism of the mean-state NAF monsoon change,

revious studies have found that the increased NAF monsoon precip-

tation under the SSP2–4.5 scenario is correlated with the warming

n the North Atlantic and Sahara region, which enhances the land–

ea thermal contrast and meridional temperature gradient over the At-

antic Ocean (e.g., Jin et al., 2020 ). Using the moisture budget anal-

sis, D’Agostino et al. (2019) found that the increased atmospheric

oisture term also contributes to the enhancement of NAF monsoon

ainfall under the RCP8.5 scenario. However, during the LIG, it is
Ai Communications Co. Ltd. This is an open access article under the CC 
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ot known whether the enhanced mean-state NAF monsoon is mainly

aused by the increased water vapor or the increased circulation effect

nduced by the land–sea thermal contrast or the meridional temperature

radient. 

Regarding the mechanism of the NAF monsoon variability, previ-

us studies have found that the variability of tropical Atlantic sea sur-

ace temperature (SST) is the primary driver for the NAF monsoon vari-

bility on the interannual time scale (e.g., Giannini et al., 2003 ). Cli-

ate models suggest an increase in the interannual variability of NAF

onsoon precipitation under greenhouse warming, which is induced

y increased atmospheric moisture feedback ( Hsu et al., 2013 ; Ni and

su, 2018 ; Pendergrass et al., 2017 ; Zhang et al., 2021 ). Meanwhile,

any studies have found that the positive or negative phase of the At-

antic Multidecadal Oscillation (AMO) contributes to the decadal vari-

bility of the NAF monsoon ( Dai, 2011 ; Diakhaté et al., 2019 ; Folland

t al., 1986 ; Giannini et al., 2003 ; Hoerling et al., 2006 ; Knight et al.,

006 ; Mohino et al., 2011 ; Trenberth et al., 2000 ). For example, the

ositive phase of the AMO can reinforce the westerly winds into the

ahel by strengthening the Saharan heat low, and enhance the low-

evel West African westerly jet ( Martin and Thorncroft, 2014 ; Pu and

ook, 2010 ). However, it is unknown whether the above mechanisms

hat affect the NAF monsoon variability are equally applicable in the

IG. 

Some proxy data show that the West African monsoon rainfall

ncreases significantly during the LIG ( Weldeab et al., 2007 ), pro-

iding sufficient rainfall for extensive forest growth ( Dupont and

einelt, 1996 ). A multimodel ensemble result showed an increase in

nnual mean precipitation during the LIG ( Otto-Bliesner et al., 2021 ),

hich agrees well with the proxy records over eastern North Africa and

he Sahel, but a mismatch occurs over the west and south of North Africa

 Scussolini et al., 2019 ). However, the similarities and differences be-

ween the changes in the mean-state climate sensitivity, variability, and

echanism of the NAF monsoon during the LIG and the future warming

cenario remain unknown. 

Thus, how the NAF monsoon rainfall and variability respond to

arming induced by orbital forcing compared to GHG forcing could

eepen our understanding of the climate system. Here, we utilize CMIP6

odel results to explore the changes in NAF monsoon mean precipita-

ion and its variability during the LIG compared to SSP5-8.5. 

. Data and methods 

.1. Model, observations, and proxy data 

We use 12 models from CMIP6/PMIP4 (namely, ACCESS-ESM1-

, CESM2, CNRM-CM6-1, FGOALS-f3-L, FGOALS-g3, GISS-E2-1-

, HadGEM3-GC31-LL, INM-CM4-8, IPSL-CM6A-LR, MIROC-ES2L,

ESM3, and NorESM2-LM), which have all performed the SSP5-8.5,

I, and lig127k experiments. The last 86 years of each model run from

ll experiments are used (the period 2015–2100 is used under SSP5-

.5). Since two of the models lack some variables (e.g., vertical ve-

ocity and SST), we use at least 10 models (ACCESS-ESM1-5, CESM2,

NRM-CM6-1, FGOALS-f3-L, FGOALS-g3, GISS-E2-1-G, IPSL-CM6A-LR,

IROC-ES2L, NESM3, and NorESM2-LM). The PI experiment is also

sed in this study. All the variables from CMIP6/PMIP4 are bilinearly

nterpolated onto a 2.0° × 2.0° horizontal grid to calculate the multi-

odel ensemble (MME) mean. 

For observational datasets, we use monthly precipitation data from

he Global Precipitation Climatology centre (GPCC) V2020 with a hor-

zontal resolution of 1.0° × 1.0° ( Schneider et al., 2020 ). The monthly

ea level pressure (SLP) data are from the ERA-Interim reanalysis dataset

ith a 2° horizontal resolution ( Dee et al., 2011 ). 

To verify the simulated mean-state SST over the Atlantic during the

IG, we also collect the June–August SST proxies with no drift correc-

ion (Fig. S3) ( Turney et al., 2020 ). This LIG SST dataset is from many
2 
ublished SST proxies (e.g., Mg/Ca ratios of calcareous organisms) esti-

ated by several transfer functions ( Turney et al., 2020 ). 

.2. Calendar adjustments 

Changes in the eccentricity of Earth’s orbit and precession during the

IG can change the month lengths ( Bartlein and Shafer, 2019 ), causing

 longer summer and shorter winter in the NH compared to PI. Thus, we

se the PaleoCalAdjust program ( Bartlein and Shafer, 2019 ) to conduct

alendar adjustments to the modeling results of the lig127k experiment

rior to analysis. 

.3. Definitions of the NAF monsoon area, variability, and indices 

The summer season is defined as June–September (JJAS) in this

tudy. The NAF monsoon is defined by the domain 5°–20°N and 15°W–

0°E ( Fig. 1 (b) and Fig. S1, outlined by green lines). The variability is

efined by the standard deviation of the time series ( Lu and Fu, 2010 ).

ll variables (e.g., SST, precipitation) from SSP5-8.5 and GPCC/ERA-

nterim are detrended. 

Following Yim et al. (2014) , the NAF monsoon circulation index is

efined by the 850-hPa zonal winds over (0°–15°N, 60°–10°W), which

eflects the strength of the westerly wind across the tropical Atlantic.

his index is significantly correlated with the NAF land monsoon pre-

ipitation ( R = 0.78, p < 0.01) during the period 1919–2021 ( Wang and

e, 2021 ). 

In this study, the averaged JJAS SLP over the region (15°–30°N, 55°–

°W) is used to define the westward movement of the Saharan heat

ow (W-SHL) ( Fig. 2 (a)), because substantial westward movement of the

ow-pressure system occurred from the Saharan region to the subtrop-

cal North Atlantic Ocean during the LIG period (Fig. S1). The obser-

ational data also show that the SHL is significantly linked to the NAF

onsoon precipitation (Fig. S4). The westward extension of the SHL is

losely related to the West African westerly jet ( Pu and Cook, 2010 ).

he SHL-induced cyclonic circulation enhances moist convection and

loud cover in the West African monsoon ( Parker et al., 2005 ). Over-

ll, the SHL can reflect the strength of the NAF monsoon circulation

 Biasutti et al., 2009 ). We use the W-SHL index because the center of

he SHL moves to the Atlantic Ocean during the LIG, which is more sig-

ificant and stronger than that in the SSP5-8.5 scenario ( Fig. 2 (a, d)).

he W-SHL index is used to link the NAF monsoon precipitation vari-

bility to the Atlantic SST because of the poor relationship between the

AF monsoon precipitation and the Atlantic SST in the LIG experiment

not shown). 

. Results 

.1. Responses of the NAF monsoon to orbital and GHG forcings 

The MME mean shows that the change in the summer surface air

emperature (SAT) over the NH is 1.99 °C during the LIG relative

o the PI, which is almost two-thirds of the 3.29 °C under SSP5-8.5

 Table 1 ). Surprisingly, anomalous NAF precipitation increases by 3.44

m d − 1 during the LIG and all 12 models agree on the sign (12/12;

able S1), while precipitation only increases by 0.38 mm d − 1 (10/12)

nder SSP5-8.5. When scaling the percentage change in precipitation

o the NH SAT anomaly, the NAF monsoon precipitation sensitivity is

9.53%/°C under the LIG orbital forcing, which is significantly greater

han that (2.8%/°C) under SSP5-8.5 ( Table 1 ). 

According to the approximated moisture equation ( Jin et al., 2020 ),

 large increase in mean-state rainfall in the LIG is mainly due to

 14.65%/°C increase in specific humidity and 65.39%/°C increase

n vertical velocity over the NAF monsoon domain ( Table 1 ). These

ncreases in specific humidity and vertical velocity in the LIG are much

reater than those under the SSP5-8.5 scenario, particularly the vertical
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Fig. 1. MME-mean changes in the mean-state JJAS mean SAT (shading; units: °C) and 850-hPa winds (vectors; units: m s − 1 ) in the (a) LIG and (b) SSP5-8.5 scenario, 

relative to the PI period, respectively. For the SAT anomalies, only significant results with confidence levels exceeding 95% are shown. The two boxes in (a) are used 

to measure the SST gradient between the North Atlantic (10°–50°N, 75°–15°W) and South Atlantic (30°S–10°N, 50°W–10°E), while the green curves in (b) outline the 

NAF monsoon region. (c) Changes in the SST gradient (units: °C) in the LIG and SSP5-8.5 scenario relative to the PI period. 

Table 1 MME-mean changes in the JJAS-mean SAT over the NH, the specific humidity at 850 hPa, the westerly circulation index, and vertical velocity at 500 hPa 

over the NAF region, NAF monsoon precipitation, and corresponding variability ( 𝜎
𝑃 
, 𝜎

𝜔 
, 𝜎

𝑐𝑖 
) in the LIG and SSP5-8.5 relative to the PI period. An asterisk ( ∗ ) indicates 

that at least 70% of models agree on the signal. The change in each model is shown in Tables S2 and S3. The temperature sensitivity is estimated as a 1 °C increase 

in the JJAS-mean NH SAT. Since the values of the circulation index in the PI period are negative, the changes in the circulation index in the LIG and under SSP5-8.5 

are negative. 

NH SAT (°C) 850-hPa specific 

humidity (%/°C) 

Circulation index (%/°C) 500-hPa vertical velocity (%/°C) Precipitation (%/°C) 

Average ( ci ) Standard deviation ( 𝜎
𝑐𝑖 
) Average ( 𝜔 ) Standard deviation ( 𝜎

𝜔 
) Average ( P ) Standard deviation ( 𝜎

𝑃 
) 

LIG - PI 1.99 ∗ 14.65 ∗ − 51.74 ∗ 8.46 ∗ 65.39 ∗ 12.01 50.53 ∗ 21.55 ∗ 

SSP5-8.5 - PI 3.29 ∗ 8.2 ∗ − 5.1 ∗ 0.89 1.25 − 0.53 ∗ 2.8 ∗ 4.27 ∗ 
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elocity. Consequently, the response of mean-state NAF monsoon pre-

ipitation in the LIG is stronger than that under SSP5-8.5. The equatorial

esterlies over the Atlantic Ocean increase substantially by 51.74%/°C

uring the LIG ( Table 1 ), which brings massive moisture to the NAF re-

ion and induces wind convergence over it (Figs. S1(a) and S2(a)). How-

ver, the increased westerly is weak (5.1%/°C) and the upward move-

ent is disproportionately small under SSP5-8.5 ( Table 1 , Fig. S2(c)). 

For the monsoon precipitation variability, more summer mean-state

ainfall often demonstrates greater variability ( Braconnot et al., 2019 ;

enviel et al., 2021 ). During the LIG, the NAF monsoon variabil-

ty increases by 21.55%/°C (11/12), which is much greater than that

4.3%/°C) under SSP5-8.5 (10/12, Table 1 and Fig. S3). Similar to the

ean-state precipitation, change in the variability during the LIG pri-

arily results from the enormous increase in the variability of vertical

otion ( 𝜎𝜔 , 12.01%/°C, 7/11, Fig. S2(b)), essentially associated with the

ariability of the westerlies ( 𝜎𝑐𝑖 , 8.46%/°C, 8/11, Table 1 ). However,

nder SSP5-8.5, the variability of vertical motion even decreases by

.53%/°C (3/11, Table 1 , Fig. S2(d)). This is similar to previous findings

uggesting that atmospheric moisture dominates the variability of NAF

recipitation under the SSP5-8.5 scenario ( Zhang et al., 2021 ). Overall,
 l  

3 
he mean-state circulation and its variability make decisive contribu-

ions to the surges of the mean-state NAF monsoon precipitation and the

ariability in the LIG, but with little effect under the SSP5-8.5 scenario.

.2. Oceanic forcing from the Atlantic on the NAF monsoon during the LIG

We first verify the reliability of the simulated SST by comparing cli-

ate models with proxy-based reconstructions. Previous studies found

hat the simulated SST over the North Atlantic is in good agreement

ith reconstructions ( Otto-Bliesner et al., 2021 ). This study shows that

he simulated SST is consistent with reconstructed SST over the extrat-

opical North Atlantic and the South Atlantic, but an overestimated SST

ccurs over the equatorial Atlantic in climate models (Fig. S3). 

To explore the causes of changes in the NAF monsoon mean-state

recipitation during the LIG, we check the anomalous SST in the LIG

nd SSP5-8.5. The result shows that the North Atlantic is warmer than

he South Atlantic in the LIG ( Fig. 1 (a)). This NH-warmer-than-SH pat-

ern over the Atlantic Ocean strengthens the meridional pressure gra-

ient, inducing an anomalous low SLP over the subtropical North At-

antic. This reinforces the northward cross-equatorial flows and pushes
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Fig. 2. (a, d) MME-mean correlation maps of the time series of NAF monsoon precipitation with the JJAS-mean SLP in the (a) LIG and (d) SSP5-8.5 scenario. In (a) 

and (d), significant results with confidence levels exceeding 95% are dotted. (b, e) MME-mean changes in SLP variability during the (b) LIG and (e) SSP5-8.5 scenario 

relative to the PI period, respectively. In (b) and (e), stippling denotes that at least 70% of models agree on the sign of the MME. The boxes in (a) and (b) define the 

regions of the W-SHL index in this study. (c) Scatter diagram of the intermodel relationship between the changes in the variability of the W-SHL index and changes 

in NAF monsoon precipitation variability simulated by 11 CMIP6 models. The solid line denotes linear regression with correlation coefficient R , slope, and P value. 
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he ITCZ northward, increasing the NAF mean-state precipitation (Fig.

1(a)). Superimposed on the increased condensational heating due to

ncreased precipitation over the tropical North Atlantic, the deepened

HL expands westward (Fig. S1(a)). This change in the SHL during the

IG is similar to that under the warm AMO phase ( Martin and Thorn-

roft, 2014 ). The deepening low-pressure change strengthens the west-

rly across the tropical North Atlantic. The northward cross-equatorial

inds are turned to westerlies during the LIG. In contrast, the anomalous

eridional SST gradient between the North Atlantic and South Atlantic

s weaker under SSP5-8.5. Anomalous equatorial Atlantic warming also

ccurs, which may decrease the cross-equatorial flows ( Fig. 1 (b)) and
4 
eaken the meridional pressure gradient over the Atlantic Ocean (Fig.

1(b)). 

Next, we quantitatively calculate the meridional SST gradient be-

ween the North Atlantic and South Atlantic. The anomalous meridional

ST gradient increases by 0.88 °C in the LIG, while it only increases by

.24 °C under SSP5-8.5 ( Fig. 1 (c)). The increase in the SST gradient

n the LIG is approximately 3.67 times that under SSP5-8.5. Then, the

irculation index increases by 3.47 m s − 1 in the LIG, which is approxi-

ately 5.65 times that (0.65 m s − 1 ) under SSP5-8.5. This indicates that

he anomalous meridional SST gradient plays a critical role in affecting

he anomalous westerly winds over the northern tropical Atlantic. 



J. He, W. Sun, J. Wang et al. Atmospheric and Oceanic Science Letters 16 (2023) 100320 

Fig. 3. (a, c) MME-mean correlation maps of the W-SHL index with JJAS SST in the (a) LIG and (c) SSP5-8.5 scenario, respectively. In (a) and (c), the significant 

results with confidence levels exceeding 95% are dotted. The SST gradient of the correlation coefficient ((15°–25°N, 45°–15°W) minus (0°–15°N, 45°–10°W)) in (a) is 

outlined. (b) Changes in the variability of the SST gradient in the LIG and SSP5-8.5 relative to the PI period. (d) Intermodel relationship between the changes in the 

variability of the SST gradient and changes in the variability of the W-SHL index. The solid line denotes linear regression with correlation coefficient R , slope, and P 

value. 
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However, it should be noted that the difference in the increased SST

radient between the LIG and SSP5-8.5 is smaller than the circulation

ndex, which might be influenced by the remote forcing from the Pa-

ific. We notice that the western North Atlantic is warmer than the east-

rn tropical Pacific during the LIG, which might strengthen the anoma-

ous westerly. In contrast, under SSP5-8.5, the tropical eastern Pacific

s warmer than the western North Atlantic, which could induce easterly

nomalies and decrease the circulation index ( Fig. 1 (b)). 

To explore the processes of the change in NAF monsoon variabil-

ty, we check the relationship between the year-to-year time series of

he NAF monsoon precipitation and JJAS SLP ( Fig. 2 (a, b)). The result

hows that the NAF monsoon precipitation is significantly correlated

ith the SLP over the subtropical North Atlantic in the LIG ( Fig. 2 (a)),

ut this correlation is much weaker under SSP5-8.5 ( Fig. 2 (d)). The re-

ationship also exists in the observation but mainly over the Saharan

and region (Fig. S4). Furthermore, we use the W-SHL index because

he center of the SHL moves westward to the Atlantic Ocean during

he LIG. The variability of the W-SHL index increases substantially in

he LIG but it decreases under SSP5-8.5 ( Fig. 2 (b, e)). The intermodel

elationship shows that an enhancement of the W-SHL index variabil-

ty may increase the NAF monsoon precipitation variability in the LIG.

nder the SSP5-8.5 scenario, however, the thermodynamic effects (as-

ociated with water vapor) dominate the enhancement of NAF monsoon

recipitation variability ( Zhang et al., 2021 ). 

But why is the variability of the W-SHL index amplified during the

IG? The SST variability could be the main source of climate variabil-

ty. The El Niño–Southern Oscillation (ENSO) is the strongest signal of
5 
nterannual variability with global influences, but the ENSO variability

ecreases significantly in the LIG relative to in the SSP5-8.5 scenario

 Brown et al., 2020 ), which means that the ENSO variability fails to ex-

lain the intensified W-SHL index variability. Since the Atlantic oceanic

orcing is the primary driver for the interannual NAF precipitation vari-

bility ( Giannini et al., 2003 ), we examine the correlations between the

ime series of the W-SHL index and JJAS SST in the LIG and SSP5-8.5,

espectively ( Fig. 3 ). During the LIG, the W-SHL index is significantly

orrelated with a north–south dipolar SST pattern, with a positive cor-

elation in the tropical North Atlantic and a negative correlation in the

ubtropical North Atlantic ( Fig. 3 (a)). The positive correlation means

 lower SHL corresponds to a cooler SST west of the NAF land mon-

oon. On the other hand, the negative correlation implies a lower SHL

orresponds to a warmer SST off the coast of the Sahara. 

This dipolar SST pattern means an enhanced northward SST gradi-

nt. Next, we calculate the variability of the SST gradient over the region

15°–25°N, 45°–15°W) minus (0°–15°N, 45°–10°W) ( Fig. 3 (a)). The vari-

bility of the SST gradient increases by 6.44%/°C in the LIG, but only

y 4.1%/°C under SSP5-8.5 ( Fig. 3 (b)). The increase in the SST gradient

ariability over the tropical North Atlantic during the LIG is approxi-

ately 1.5 times that under SSP5-8.5. We further calculate the variabil-

ty of the SHL, and results show that it increases by 12.95%/°C during

he LIG, which is approximately 10 times larger than that (1.14%/°C)

nder SSP5-8.5. Additionally, the intermodel relationship indicates that

 greater variability of the SST gradient corresponds to a larger variabil-

ty of the SHL ( Fig. 3 (d)). Thus, the SST gradient variability is substan-

ially enhanced during the LIG, which may enhance the SHL variability.
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D  
The air–sea interaction over the tropical North Atlantic Ocean might

nhance during the LIG. One might argue that the greater SST gradient

ariability causes the SHL variability. However, previous studies sug-

est that the internal atmospheric variability might also contribute to

he precipitation variability ( Dong et al., 2018 ), and thus it is also pos-

ible that the SST gradient variability is affected by the Saharan Low

ariations. An enhanced Sahara Low could increase the westerlies to its

outh, which could cool the sea surface off the coast of the Sahel, in-

reasing the northward SST gradients. This circular argument implies

n atmosphere–ocean interaction that could enhance both the north-

ard SST gradients over the tropical North Atlantic and the Sahara Low.

oreover, the ratio of increase in the W-SHL index variability between

he LIG and SSP5-8.5 is a seven-fold increase of the variability in the

orthward SST gradient. This also implies that there may be a posi-

ive feedback of air–sea interaction between the SST gradient variabil-

ty and the SHL variability. Future work needs to verify whether the

tmospheric variability is directly affected by orbital forcing during the

IG. 

We therefore provide an alternative explanation for the increased

ovariability of the northward SST gradients and SHL. It is conceiv-

ble that drastically increased NAF mean circulation might enhance

he atmosphere–ocean interaction in the tropical North Atlantic off the

oast of northern Africa. In the LIG, the climatological SHL shifts dra-

atically westward to the tropical North Atlantic in association with

nhanced westerly monsoon flows and the northward SST gradients

n the tropical Atlantic ( Fig. 1 (a)). This mean-state change could fa-

or atmosphere–ocean interaction to enhance the covariability of the

HL and northward SST gradients, which bears similar spatial patterns

o the mean state. This argument is consistent with the observed pos-

tive correlation between the mean-state change and the variability

hange ( Pendergrass et al., 2017 ), and that under future global warming

 Zhang et al., 2021 ). 

. Discussion 

A NH-warmer-than-SH pattern over the Atlantic Ocean induces west-

ard expansion and deepening of the SHL and strengthens the westerly

long the tropical North Atlantic in the LIG. The westward expansion of

he SHL links the SHL to the SST gradients over the northeast tropical

tlantic. Thus, we suggest that the increase in the mean SST gradients

etween the North and South Atlantic likely reinforces the covariability

f the SST gradients and SHL via atmosphere–ocean interaction, lead-

ng to an increase in the NAF monsoon variability. Compared to the LIG,

his process does not exist under the SSP5-8.5 scenario. 

Under the LIG’s insolation forcing, the response of the NAF mon-

oon is much greater than under the SSP5-8.5 scenario and projected

y the Clausius–Clapeyron theory (global-mean precipitation increases

y 2.2% for every 1 K of warming ( Held and Soden, 2006 )). The en-

ancement of the NAF monsoon primarily arises from dynamic effects

nder orbital forcing. In contrast, the intensification of the NAF mon-

oon under GHG forcing mainly results from thermodynamic effects

 D’Agostino et al., 2019 ). Compared to thermodynamic effects, dynamic

ffects have a more powerful influence and amplify thermodynamic ef-

ects. Under orbital forcing, the impact of the North Atlantic SST on

he NAF monsoon is more robust, and the ocean–atmosphere linkage is

ignificantly strengthened. The interhemispheric SST contrast in the At-

antic during the LIG piques our curiosity about whether the NAF mon-

oon variability could increase in the warm AMO phase. This deserves

urther study. 

Some uncertainties exist in the models. The lig127k simulations

dopt the same treatment of vegetation as the PI simulation and ne-

lect the contribution of Saharan vegetation to the intensification of NAF

ean rainfall (e.g., Chandan and Peltier, 2020 ; Sun et al., 2019 ). Con-

entional wisdom holds that an increase in NAF monsoon mean rainfall

ften indicates the enhancement of the variability of NAF monsoon pre-

ipitation. Thus, whether the greening of the Sahara would strengthen
6 
he NAF monsoon rainfall to reinforce the variability needs to be further

tudied. Furthermore, some other external forcings or feedback, e.g., soil

roperties and surface water ( Chandan and Peltier, 2020 ), solar activity

 Sun et al., 2022 ), and dust ( Pausata et al., 2016 ), are not accounted for

n the lig127k simulation. 

. Conclusions 

In this study, the responses of NAF monsoon mean-state rainfall and

ts variability during the LIG are compared to the SSP5-8.5 scenario

ased on PMIP4/CMIP6 models. It is found that the NAF monsoon mean-

tate rainfall and its variability are dramatically stronger in the LIG

han under the SSP5-8.5 scenario. In contrast, the NH SAT increases

y 1.99 °C, which is only about two-thirds of the warming (3.29 °C)

nder SSP5-8.5. In terms of climate sensitivity, the increases in the

AF mean-state rainfall and its variability are approximately 50.53 and

1.55%/°C during the LIG, which are substantially greater than those

2.8 and 4.27%/°C) under SSP5-8.5. The significant enhancement of the

nomalous westerly and ascending motion and its variability contribute

o the intensification of NAF monsoon mean-state precipitation and its

ariability in the LIG, which mainly arises from the drastic enhancement

f the Atlantic north–south SST gradient. This agrees well with the proxy

econstruction. Conversely, the anomalous westerly and ascending mo-

ion and their variability in the NAF region are weak under SSP5-8.5,

hich means that the circulation variability has little effect under this

cenario. 
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