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Abstract. Previous studies based on multiple paleoclimate archives suggested a prominent 

intensification of the South Asian Monsoon (SAM) during the mid-Holocene (MH, ~ 6000 years before 

present day). The main forcing that contributed to this intensification is related to changes in the Earth’s 20 

orbital parameters. However, other key factors likely played important roles, including remote changes 

in vegetation cover and airborne dust emission. In particular, northern Africa also experienced much 

wetter conditions and a more mesic landscape than today during the MH (the so-called African Humid 

Period), leading to a large decrease in airborne dust globally. However, most modelling studies 

investigating the SAM changes during the Holocene overlooked the potential impacts of the vegetation 25 

and dust emission changes that took place over northern Africa. Here, we use a set of simulations for 

the MH climate, in which vegetation over the Sahara and reduced dust concentrations are considered. 

Our results show that SAM rainfall is strongly affected by Saharan vegetation and dust concentrations, 

with a large increase in particular over northwestern India and a lengthening of the monsoon season. We 

propose that this remote influence is mediated by anomalies in Indian Ocean sea-surface temperatures 30 

and may have shaped the evolution of the SAM during the termination of the African Humid Period. 
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1 Introduction  

The South Asian Monsoon (SAM) directly affects the climate of the Indian subcontinent and indirectly 

influences far-afield regions through atmospheric and oceanic teleconnections (e.g., Lau, 1992; Liu et 

al., 2004). Due to its key role for regional and global hydrological cycles, much attention has been 35 

devoted to better understand and predict its variability on multiple timescales, including its long-term 

future changes (e.g., Huo and Peltier, 2020; Swapna et al., 2018). However, SAM future projections are 

highly uncertain (e.g., Huang et al., 2020), and even representing the recent trend and identifying its 

drivers has been challenging (e.g., Mishra et al., 2018) due to the relatively short modern observational 

record that spans roughly a century. Hence, investigating past SAM changes is of utmost importance to 40 

better understand its dynamics and future evolution.  

 

Dramatic shifts in the intensity of the SAM occurred at the end of the deglaciation (Bird et al., 2014; 

Campo et al., 1982; Dallmeyer et al., 2013; Fleitmann et al., 2003; Gill et al., 2017; Saraswat et al., 

2013) when stronger boreal summer insolation, higher greenhouse gas concentrations, and shrinking ice 45 

sheets triggered a strengthening of the northern hemisphere summer monsoon systems (Jalihal et al., 

2019a; Sun et al., 2019). In particular, the increased orbital forcing enhanced moisture transport from 

the Indian Ocean to the Indian subcontinent, leading to increased monsoonal precipitation there (e.g., 

Dallmeyer et al., 2013; Texier et al., 2000). These changes occurred in parallel with a prolonged period 

of intense precipitation over north-western Africa – labelled the African Humid Period. The African 50 

Humid Period spanned the early and middle Holocene (15,000 – 4,000 years BP), and had far-reaching 

local and global climatic influences (Muschitiello et al., 2015; Pausata et al., 2017a, 2017b; Piao et al., 

2020; Sun et al., 2019). Locally, it coincided with a major intensification of the West African Monsoon 

(WAM) and a greening of the present-day Sahara Desert. Amongst its many remote impacts, the WAM 

strengthening contributed to the greening of the arid and semi-arid regions of east and south Asia (see 55 

for a recent review Pausata et al., 2020). Indeed, the large circulation changes instigated by the African 

Humid Period greening of the Sahara, together with the associated changes in sea surface temperatures, 

have likely complemented orbital changes in modulating the SAM (see Texier et al., 2000) relative to 

land-surface changes alone). 
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 60 

Numerical paleoclimate simulations have typically been deficient in capturing the dramatic shift in the 

WAM in the mid-Holocene, even when changes in orbital forcing and land-surface cover were 

considered (Harrison et al., 2014). A crucial factor that has been largely overlooked until recently has 

been the role played by the sharp decrease in Saharan dust emissions, which occurred in conjunction 

with the greening (Arbuszewski et al., 2013; McGee et al., 2013). Pausata et al. (2016), Gaetani et al. 65 

(2017) and Messori et al. (2019) have shown that atmospheric dust loading profoundly affects 

monsoonal dynamics and, while changes in vegetation do lead to increased monsoonal precipitation, a 

better agreement with proxy data is only reached when a dust reduction is also simulated (see Tierney et 

al., 2017). The latter strengthens the effects of land-surface changes, leading to a further increase and 

northward extension of the WAM. Egerer et al. (2018) have also shown that accounting for both 70 

vegetation and dust feedbacks leads to a better match between model simulations and paleoclimate 

reconstructions from the north-western African margin. Another recent study (Thompson et al., 2019) 

has suggested a contribution from dust aerosol reduction of about 15-20% to the total rainfall over the 

Sahara; however, they also revealed that dust-cloud interactions have the opposite effect compared to 

the direct radiative effect on rainfall in northern Africa during the MH. Hopcroft and Valdes (2019) 75 

show the dependence on the modelled dust optical properties and particle size range of the impacts on 

WAM rainfall, leading to potential overestimation of the direct radiative effect on precipitation.  

 

Through a set of sensitivity experiments performed with an Earth System Model, Pausata et al. (2017a, 

2017b) have shown that the strengthening of the WAM and the associated vegetation and dust 80 

feedbacks during the MH are able to affect the El Niño Southern Oscillation variability as well as 

tropical storm activity worldwide. Using the same set of simulations, Piao et al. (2020) show that a 

vegetated Sahara leads to an enhancement of the western Pacific subtropical high, which in turn 

strengthens the East Asian Summer Monsoon. Sun et al. (2019) highlighted that Northern Hemisphere 

land monsoon precipitation significantly increases by over 30% under the effect of the Green Sahara. 85 

However, a systematic evaluation of the joint impacts of atmospheric dust loading reductions, Saharan 
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land-cover changes, and insolation changes on the SAM during the middle Holocene is lacking in 

current literature. 

 

Here, we address this gap with the aim of providing insights into future SAM changes. Indeed, a 90 

number of recent studies have projected future increases in Sahelian precipitation (Biasutti, 2013; 

Giannini and Kaplan, 2019) associated with a surface greening and reduced dust emissions (Evan et al., 

2016).  

 

The remainder of the manuscript is organised as follows: The climate model used and the experimental 95 

design are described in Section 2. Next, we examine SAM changes during the summer, both at the 

surface and aloft (Section 3). A discussion and conclusions follow in Section 4. 

2. Model description and experimental design 

The study is based on a set of simulations performed with the fully coupled global climate model EC-

Earth version 3.1. EC-Earth version 2 participated in the fifth phase of the Coupled Model 100 

Intercomparison Project (CMIP5) and version 3 will participate in CMIP6 (http://www.ec-earth.org/). 

The model is comprised of the Integrated Forecasting System (IFS cycle 36r4) for the atmosphere, the 

Nucleus for European Modelling of the Ocean version 2 (NEMO2) – for the ocean, and the Louvain-la-

Neuve sea-ice Model version 3 (LIM3) for the sea-ice (Hazeleger et al., 2010; Yepes-Arbós et al., 

2016). The IFS model includes the H-TESSEL land surface scheme and is run at T159 horizontal 105 

spectral resolution corresponding to roughly 1.125° in longitude and latitude, with 62 vertical levels. 

NEMO has a 1° horizontal resolution except at the equator, where it increases to 1/3° (Sterl et al., 

2012), and 46 vertical levels. The different components are coupled via the OASIS3 coupler. Relevant 

for this study, vegetation cover and monthly aerosol concentrations (Tegen et al., 1997) are prescribed 

in the model; however, the indirect effect of aerosols on clouds is not considered. A detailed description 110 

of the aerosol components can be found in Hess et al. (1998).. The main characteristics of dust particles 

are reported in Table A1.  
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We analyse an MH experiment (MHPMIP), which follows the protocol for the standard mid-Holocene 

simulations in accordance with the third phase of the Paleoclimate Modelling Intercomparison Project 

(PMIP3) (Taylor et al., 2009, 2012) and three sensitivity experiments performed by Pausata et al. (2016) 115 

and Gaetani et al. (2017) (Table 1). The MHPMIP includes mid-Holocene orbital forcing and greenhouse 

gas concentrations, pre-industrial land cover, and airborne dust concentrations. The three sensitivity 

experiments were carried out to investigate the effects of changes to land-cover conditions and dust 

concentration in isolation as well as in combination. In the MHGS (‘Green Sahara’) setup, the vegetation 

type (and related parameters, see below) over the Sahara (defined as the area 11° – 33°N, 15°W – 35°E) 120 

is prescribed to be evergreen shrub, representing an idealised African Humid Period scenario, while 

dust concentration is left unaltered at its pre-industrial (PI) amounts. In the MHRD (‘Reduced Dust’) 

setup, the dust concentration over northern Africa is reduced by up to 80% relative to pre-industrial 

values (see Figs. 1 and S1 in Gaetani et al., 2017). Outside northern Africa, dust concentrations 

smoothly transition to pre-industrial values. Over India and the Arabian Sea the reduction of dust 125 

concentrations ranges between 20% (Eastern Indian subcontinent) and 60% (Horn of Africa and Middle 

East); for more details see figure S1 in Pausata et al. (2016). In the MHRD experiment the land-surface 

properties are kept to PI values. The final experiment (MHGS+RD) considers the case where both 

vegetation and dust changes described above are simultaneously prescribed. The imposed changes in 

vegetation type correspond to important changes in surface albedo and leaf area index (LAI) as 130 

summarised in Table 2. Both albedo and LAI are fixed throughout the simulations and are not 

modulated by modelled processes. Under the Green Sahara scenario, the albedo decreases from 0.3 to 

0.15, while the LAI increases from 0.2 to 2.6. For a more detailed description of these simulations, the 

reader is referred to Pausata et al. (2016) and Gaetani et al. (2017). These sensitivity experiments are 

compared to a PI simulation to investigate the role of each forcing in altering the SAM.  The analysis 135 

focuses on the June-September (JJAS) period using the last 50 years of each experiment. Finally, the 

statistical significance of the differences between experiments at the 5% level is evaluated by a two-

tailed Student’s t test. 
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3. Results 

This section discusses the SAM response in terms of local (Section 3.1) and large-scale changes 140 

(Section 3.2) to each forcing independently and together: orbital (MHPMIP), orbital forcing and Sahara 

greening (MHGS), orbital forcing and dust reduction (MHRD), and orbital forcing, Sahara greening, and 

dust reduction (MHGS+RD). In Section 3.3 we then compare the model findings to paleoclimate archives. 

3.1 Changes in surface climate 

Precipitation 145 

In the PI experiment, the SAM displays the most intense summertime (particularly June and July) 

precipitation over the west coast of the Indian subcontinent and the Himalayan foothills (Fig. 1a), in 

overall agreement with observations (Figs. A1 and A2). The MHPMIP experiment simulates a general 

increase in SAM rainfall over South Asia compared to PI (Fig. 2a) as also shown by other PMIP model 

experiments (e.g., Zhao and Harrison, 2012), particularly over southern India and the Himalayan 150 

foothills. In contrast, decreased precipitation is seen over most of the Bay of Bengal, South China Sea, 

Indochina, and Thailand. This decrease in precipitation is a result of the reduced surface latent heat flux 

over the ocean as shown in (Jalihal et al., 2019b). This results in a decrease in the net energy flux into 

the atmosphere over these regions, leading to a decline in precipitation.  A precipitation anomaly dipole 

is simulated along the equatorial Indian Ocean, with increased precipitation to the west and decrease to 155 

the east. The greening of the Sahara (MHGS) leads to a general intensification of the anomaly pattern 

simulated when only including orbital forcing (MHPMIP; Fig. A3a). However, some peculiar 

characteristics emerge: in particular, the precipitation increases over a broad swathe of north-western 

India and Pakistan, while it decreases over the Western Ghats (cf. panels a and b in Figure 2 and see 

also Figure A3a). The positive rainfall anomaly over the western equatorial Indian Ocean extends 160 

eastward, strongly reducing the negative precipitation anomaly in the eastern side of the basin. The 

reduction in precipitation over the Bay of Bengal, Indochina, and Thailand further intensifies. The 

reduced Saharan dust (MHRD) leads to a pattern that is very similar – albeit with weaker anomalies – to 

the orbital only forcing (MHPMIP; Fig. A3b); however, the precipitation increase over southern India is 

confined to east of the Western Ghats, while a small decrease in rainfall is simulated along the western 165 
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coast of the Indian subcontinent (cf. panels a and c in Figure 2 and see also Figure A3b). When 

combining vegetation and reduced dust (MHGS+RD), features of both simulations (MHGS and MHRD) are 

preserved (Fig. 2d): the MHGS+RD anomaly pattern in the region is almost exactly the linear combination 

of the MHGS and MHRD experiments (Fig. A4). For example, the reduced precipitation over the Western 

Ghats is further enhanced in the MHGS+RD, while the increase over the Himalayan foothills is reduced 170 

compared to the MHGS, which is due to the effect of the dust reduction (cf. panels a and c in Figure 2 

and see also Figure A3b). 

 

While seasonal-mean precipitation determines the overall amount of water supplied, sub-seasonal 

changes in the monsoon, such as a shift in the onset and/or the withdrawal, are key to determining the 175 

length and hence the precipitation rate over the monsoonal season. The SAM in the PI simulation starts 

in late May (Figs. 3 and A2a), with the monsoon then developing until early August and retreating in 

early September (Figs. 3 and A2a). In the MHPMIP experiment, the model simulates a delayed onset 

south of 15°N, but not at higher latitudes (Fig. 3a). The withdrawal is, however, delayed at all latitudes, 

lengthening the overall duration of the monsoon by about one month. The Sahara greening (MHGS) 180 

leads to a further lengthening of the monsoon season from April to October, and increased cumulative 

precipitation over a large part of the SAM region (Fig. 3b). The delayed onset is confined to the region 

well south of 10°N. While showing a lengthening of the monsoon season, the regions around the 15°N 

latitude band show a decrease in precipitation between June and mid-August (Fig. 3b). Dust reduction 

(MHRD) leads to a much stronger delay of the monsoon onset that extends up to 25°N compared to the 185 

MHPMIP experiment (Fig. 3c). The withdrawal of the monsoon is also delayed and resembles the 

MHPMIP simulation (Fig. 3c). In the MHGS+RD case, the distribution of rainfall is dominated by the 

Sahara greening, but the footprint of the dust reduction is visible at the lower latitudes. These display a 

stronger decrease in precipitation than the MHGS simulation, in particular during the core monsoonal 

season – June to late August (Fig. 3d). Therefore, reduced dust seems to primarily reduce the South 190 

Asian monsoonal precipitation at low latitudes, while the greening of the Sahara increases the 

precipitation further north.  
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Surface temperature 

The highest PI surface temperatures on the Indian subcontinent are simulated over its northwestern part, 195 

in agreement with observations (Fig. A1). However, while the temperature pattern is similar to 

observations, our simulation displays a cold anomaly over a large part of the domain (Fig. A1). The 

changes in the orbital forcing (MHPMIP) do not remarkably alter the summer surface temperature over 

India and Southeast Asia, with only a modest increase over central eastern India and up to 1°C warming 

in Indochina (Fig. 4a). A large increase (even more than 3°C) is instead simulated outside the area of 200 

direct influence of the SAM and in particular over the arid and semi-arid regions of South Asia and the 

Arabian Peninsula (Fig. 3a). A positive Indian Ocean Dipole (IOD) – like pattern develops in the Indian 

ocean with warmer sea surface temperatures (SSTs) of about 0.5° – 1°C over the eastern equatorial 

Indian Ocean up to roughly 15°N and colder anomalies of up to 1.5°C off the east coast of Indonesia 

(Fig. 4a). Colder SSTs are instead present over the northernmost part of the Arabian Sea, and warmer 205 

SSTs are prevalent over most of the Bay of Bengal, in contrast with the conventional IOD as seen in 

reanalysis data (e.g., Saji et al., 1999; Webster et al., 1999). The positive IOD-like pattern that develops 

under MH orbital forcing is responsible for some of the rainfall anomalies discussed above (Fig. 2a). In 

particular, the precipitation dipole along the equator and increased rainfall over the southern tip of India 

(Fig. 2a), which are typical of a positive IOD pattern (Fig. A5). There are, however, differences in the 210 

anomalies over India and the Bay of Bengal in the simulations since the orbital forcing primarily drives 

these anomalies. A classical positive IOD leads to an increase in precipitation over the core monsoon 

zone and the northern Bay of Bengal and a decrease in precipitation over the southern Bay of Bengal, 

peninsular India, and the Himalayan foothills (see Ashok et al., 2001; Saji et al., 1999). The orbital 

forcing leads to a different response over land and the ocean (Fig. 2a). 215 

 

The Sahara greening (MHGS) leads to a similar anomaly pattern as MHPMIP in the surface temperature 

(cf. panels a and b in Figure 4 and see also Figure A6a). However, the warming is more pronounced 

than in MHPMIP over the bulk of the domain, with north-western India being an exception (Fig. A6a). 

This may be linked to the simulated increase in rainfall in the region (Fig. 2b, A3a). The cold SST 220 

anomalies over the northern Arabian Sea are replaced by warm anomalies that encompass almost the 
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entire Indian Ocean north of the equator. The temperature increases off the coast of the Somali 

peninsula and the southern tip of India exceed 1°C. The positive IOD-like pattern is still present, 

particularly when considering relative anomalies as the SSTs over the equatorial Indian Ocean are 

generally warmer compared to the MHPMIP. The IOD-index is inversely related to the Indian monsoon 225 

rainfall (Fig. A7). Thus, suggesting that the MH, GS, and RD forcings have a dominant effect on the 

Indian monsoon. Reduced Saharan dust (MHRD) leads to a widespread surface warming over the 

Arabian Peninsula, the Arabian Sea, and the Indian subcontinent (cf. panels a and c in Figure 4 and see 

also Figure A6b). Such warming is partially due to a reduction in rainfall (Fig. A3b) and hence cloud 

cover in particular over southern India and southern Arabic Peninsula. Furthermore, the reduced dust 230 

layer, while it leads to a decrease in temperature in the mid-troposphere as dust is moderately-to-highly 

absorbing (single scattering albedo ω0 < 0.95, see Table A1), increases the incoming solar radiation 

reaching the surface and hence favours surface warming.  For the same reason, the cold SST anomalies 

in the northernmost Arabian Sea in the MHPMIP experiment are replaced by a modest warm anomaly. 

Finally, the surface temperature response to the combined forcings (MHGS+RD; Fig. 4d) closely 235 

resembles the linear combination of the two forcings (Fig. A4f), except over the regions facing the Gulf 

of Aden and southern Red Sea, where the cooling due to increased monsoonal precipitation in the MHGS 

(Fig. 2b) prevails over the warming associated with enhanced shortwave radiation in the MHRD (Fig. 5). 

 

Evapotranspiration 240 

From an impacts-based perspective, changes in precipitation are only one part of the hydrological cycle, 

which also includes evaporation and, over land, transpiration as well. Therefore, it is important to also 

investigate the evapotranspiration changes during the MH climate to better understand the impacts of 

changes in orbital forcing and Saharan vegetation and dust on the water budget of South Asia. In the PI 

experiment, weak evapotranspiration is simulated over the dry sub-tropical desert regions, while rates in 245 

excess of 3 mm/day are present over the Indian subcontinent (Fig. 1c). In the MHPMIP experiment, the 

evapotranspiration is increased over north-western and south-eastern India, the Tibetan Plateau, and 

Indochina (Fig. 6a). These regions are characterized by increases in precipitation and/or in surface 

temperature (Figs. 2 and 4), which enhance the evapotranspiration. On the contrary, the Indian Ocean 
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displays a widespread decrease in evaporation rates except along the coast of Somalia. The Sahara 250 

greening (MHGS) leads to a widespread increase in evapotranspiration across most of the Indian 

subcontinent, enhancing the anomaly pattern simulated in the MHPMIP experiment (panels a and b in 

Figure 6 and see also Figure A8a). The reduction in airborne dust (MHRD) does not notably alter the 

evaporation over land compared to the orbital forcing only experiment (MHPMIP); however, it 

significantly increases the evaporation over the Arabian Sea, due to the increase in incoming solar 255 

radiation (panels a and c in Figures 5, 6 and Figure A8b). Finally, the combined forcing (MHGS+RD) 

leads to mainly positive anomalies over land, as in the MHGS case, while the effects of dust reduction 

dominate over the Arabian Sea and western Indian Ocean (Fig. 6d). 

3.2 Changes in the large-scale monsoonal circulation 

The PI sea-level pressure (SLP) pattern displays a thermal low over the Arabian Peninsula extending 260 

into the northern part of the Indian subcontinent (Fig. 1d). This is associated with an anticyclonic 

circulation over the Indian Ocean leading to a strong westerly flow across the Indian subcontinent and 

Indochina, which brings large amounts of moisture to these regions (Figs. 1a and d, A10a). The strong 

westerlies over the Arabian Sea favour upwelling and explain the origin of the “cold pool” in that region 

(Fig. 1b).  Anomalous easterlies along the equatorial Indian Ocean advect warmer water towards the 265 

western basin, leading to an increase in SSTs there. This further enhances convection over the western-

equatorial Indian Ocean region. Concurrently, upwelling increases over the eastern equatorial Indian 

Ocean, and thus SSTs cool and precipitation decreases. As a result, a strong coupling between 

precipitation, circulation, and SST anomalies is established across the equatorial Indian Ocean, bearing 

close similarity with the pattern characteristic of the positive phase of the IOD. The subsequent changes 270 

in the low-level jet (intensification and a northward shift) lead to a cooling in the northern Arabian Sea 

(through enhanced coastal upwelling) and warming in the Bay of Bengal (through reduced winds, and 

therefore evaporation). Thus, the SST anomalies in the Arabian Sea and the Bay of Bengal are different 

in the MH simulations than for a positive IOD in the reanalysis data (e.g., Saji et al., 1999; Webster et 

al., 1999).   275 
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The MH orbital forcing (MHPMIP) deepens the Saharan and Saudi Arabian heat low, while increasing 

the pressure over the Bay of Bengal relative to the PI. This anomaly pattern leads to an intensification of 

the easterly flow south of the Indian subcontinent, which then turns north-eastward over the Arabian 

Sea (Fig. 7a), intensifying the monsoonal flow and in turn the upwelling in the region. The colder SSTs 280 

simulated over the northernmost part of the Arabian Sea are likely a direct consequence of this (Fig. 4a). 

The intensified monsoonal flow enhances the transport of moisture from the Bay of Bengal towards the 

western Indian Ocean and then the Arabian Sea and Indian subcontinent (Fig. 8a), explaining the 

rainfall changes seen in Figure 2a. One may further connect the above circulation changes to the 

widespread decrease in evaporation rates simulated across most of the Indian Ocean, and the 285 

concomitant increase along the coast of Somalia (Fig. 6a). For example, the latter evaporation increase 

is most likely driven by weakened monsoonal flow (Fig. 7a), which causes higher SSTs (Fig. 4a) and 

increases evaporation in the MHPMIP compared to the PI experiment (Fig. 6a). Conversely, the decreased 

evaporation in the northern Arabian Sea may be ascribed to the strengthened monsoonal flow, which 

increases upwelling and in turn cools the region (Fig. 4a). Finally, the weakened westerly flow around 290 

the southern tip of India may be responsible for decreased evaporation and a consequent increase in 

SSTs of that region. Under the Green Sahara conditions (MHGS), the SLP anomaly pattern intensifies 

relative to the MHPMIP and shifts to the northwest, thus weakening the south-westerlies over the Arabian 

Sea, while strengthening the easterlies over the southern tip of India (panels a and b in Figure 6 and see 

also Figure A9a). The latter anomaly can explain the decrease in precipitation over the western slopes of 295 

the Western Ghats and the increase on their eastern side. Although the south-westerly flow over the 

Arabian Sea is less intense than in the MHPMIP (Fig. A9a), the moisture advection is enhanced (Figs. 7b 

and A11a), which explains the increased precipitation and evapotranspiration over most of India (Figs. 

2b, 6b, A8a). Indeed, the weakened atmospheric flow decreases the upwelling and in turn increases 

SSTs, favouring more evaporation over the Arabian Sea (Fig. A8a). Reduced Saharan dust (MHRD) 300 

results in a northward expansion of the Mascarene High in the southern Indian Ocean and a weakening 

of the Saudi Arabian heat low relative to MHPMIP experiment (panels a and c in Figure 6 and see also 

Figure A9b). This leads to a weakening of the Somali Jet, a weaker coastal upwelling in the Arabian 

Sea favouring modest warm SST anomalies there (Fig. 4c), and ultimately a weaker moisture transport 
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from the Arabian Sea to the southern half of the Indian subcontinent (panels a and c in Figure 7 and see 305 

also Figure A11b). The weakened low-level winds relative to MHPMIP are consistent with the significant 

decrease in precipitation over western India (Fig. A3b). Further east, there is a strengthened north-

westerly flow over the Bay of Bengal extending towards the equatorial western Pacific, associated with 

a decreased moisture convergence over Bangladesh and north-eastern India relative to the MHPMIP 

simulation (Fig. A11b). This circulation change causes a precipitation increase in the MHRD that is 310 

smaller than in the MHPMIP relative to the PI (Figs. 2c and A3b). When combining both Sahara greening 

and dust reduction (MHGS+RD), SLP anomalies are mostly a linear combination of the two forcings (Fig. 

7d). In particular, the cyclonic footprint over the Indian Ocean and the easterly moisture transport from 

the Pacific to the Indian Ocean are both features of the MHGS experiment (Figs. A9 and A11). On the 

other hand, over the Arabian Sea, both forcings contribute to a weakened westerly flow, albeit at 315 

slightly different latitudes.  

 

We next analyse the mid and upper-level circulation associated with the monsoonal flows. The PI 500-

hPa vertical velocity field shows a strong ascending flow across the tropics during the monsoon season 

(Fig. A10b), matching the areas of low SLP shown in Figure 1d, with the clear exception of the areas 320 

under thermal low pressures (e.g., Saudi Arabia and Iran). Subsidence is largely limited to the west 

Arabian Sea and Somali peninsula (Fig. A10b). Additionally, strong subsidence occurs over the desert 

regions of the Arabian Peninsula and Iran. Changes in orbital forcing (MHPMIP) drive a strengthened 

upward motion over the western north-equatorial Indian Ocean, southern India, and Himalayan foothills 

(Fig. 9a). This favours cloud formation and is consistent with increased precipitation over these regions 325 

(Fig. 2a). Upward anomalies are also found over the climatologically dry southern Arabian Peninsula 

and part of the Horn of Africa (Fig. 9a). Sahara greening (MHGS) intensifies the anomaly pattern seen in 

the MHPMIP experiment, in particular over north-western India and the western Indian Ocean, with much 

stronger increases in upward motions (Fig. A12a). On the other hand, subsidence develops on the lee 

side of the Western Ghats (Figs. 9b and A12a) due to the stronger easterly anomalies simulated in the 330 

MHGS relative to the MHPMIP experiment (Fig. A9a). Reducing Saharan dust emissions (MHRD) leads to 

overall minor and mostly insignificant anomalies over the central SAM region relative to the MHPMIP 
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simulation (cf. panels a and c in Figure 8 and see also Figure A12b), except over the southern tip of 

India where subsidence is increased. However, significant anomalies in the vertical velocity emerge 

over the Arabian Peninsula relative to the MHPMIP simulation (Fig. A12b). The result of the Sahara 335 

greening and dust reduction forcing (MHGS+RD) over Asia is to a great extent a linear combination of the 

two separate forcings (Fig. 9d), as was indeed the case for the other variables analysed here.  

 

We next discuss the upper-level velocity potential and divergent winds, which provide a framework to 

analyse the regional anomalies in the context of the large-scale tropical overturning circulation. The PI 340 

experiment shows a divergent flow emanating from Southeast Asia towards the surrounding Asian 

Monsoon regions (contour lines in Fig. 10), which is consistent with the low SLP there (Fig. 1d). In the 

MHPMIP, the whole pattern of velocity potential and the centres of divergence/convergence are shifted 

westward (Fig. 10a), with dipole anomalies centred over Northern Africa and the Arabian Peninsula 

(negative velocity potential/divergence) and South America (positive velocity potential/convergence). 345 

The divergence over the north-western Indian subcontinent is strengthened, which implies an intensified 

low-level convergence and hence stronger precipitation in the region. The greening of the Sahara 

(MHGS) further intensifies the anomaly pattern seen in the MHPMIP experiment (cf. panels a and b in 

Figure 9 and see also Figure A13a). The dust reduction experiment contributes to a strong positive 

anomaly in velocity potential over the Arabian Sea relative to MHPMIP (cf. panels a and c in Figure 9 350 

and see also Figure A13b), thus weakening upper tropospheric divergence and the lower tropospheric 

convergence. The Green Sahara-reduced dust (MHGS+RD) experiment resembles the MHGS forcing, but 

the anomalies are reduced due to the effect of dust reduction (Fig. 10 and A13c). 

 

The anomalies in velocity potential are negative over both India and the Bay of Bengal, albeit with 355 

smaller magnitudes over the latter region. Therefore, the decrease in precipitation over the Bay of 

Bengal cannot be explained by the changes in upper level velocity potential/divergence alone. To 

understand the effect of the greening of the Sahara and the reduction of dust concentrations (MHGS, 

MHRD, and MHGS+RD) on precipitation over the Bay of Bengal, we consider the rainfall over the 

western-equatorial Indian Ocean (WEIO, 5°S to 5°N; 50°–65°E) and north-eastern Africa (NEA, 10°–360 
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20°N; 30°–45°E). Anomalous convective heating over these regions in response to changes in Earth’s 

precession can drive a Matsuno-Gill like response in the low-level winds over the Indian ocean (Jalihal 

et al., 2019b). The anomalous easterlies extend into the Bay of Bengal reducing the wind speed there 

and leading to a reduction in surface latent heat fluxes. This further leads to a decrease in the net energy 

flux into the atmosphere (top + bottom) over the Bay of Bengal. Since precipitation is proportional to 365 

the net energy flux into the atmosphere, precipitation over the Bay of Bengal decreases (Jalihal et al., 

2019b). The vegetation and dust forcings further modulate the precipitation over the WEIO and NEA, 

resulting in a corresponding change in precipitation over the Bay of Bengal. MHGS shows the largest 

increase in precipitation over the WEIO and NEA (Fig. 11a). Proportionately, the decrease in latent heat 

flux over the Bay of Bengal is also the largest. On the other hand, the weakest increase in precipitation 370 

over the WEIO and NEA regions is simulated in the MHRD. The associated reduction in latent heat flux 

over the Bay of Bengal is also the smallest. As the latent heat flux decreases, it leads to a larger 

reduction in precipitation over the Bay of Bengal (Fig. 11b). This change in latent heat flux is due to the 

impact of precipitation over the WEIO and NEA on wind speed over the Bay of Bengal (Fig. A14). Our 

simulations show a linear relationship between precipitation over the WEIO and NEA, and precipitation 375 

over the Bay of Bengal (Fig. 11c).  

 

We conclude our analysis by investigating the changes in the upper-level (200 hPa) jet (Fig. 11). In the 

PI experiment, the core of the subtropical jet is located over western Asia and the exit of jet is located 

over north-eastern China (contour lines in Figure 11). In the MHPMIP simulation, the jet is shifted 380 

northwards, with an overall weakening to the south and a strengthening confined to the northward side 

of the exit of the jet streak (Fig. 11a). The Sahara greening (MHGS) leads to an accelerated westerly 

flow at the jet entrance, but an overall slowing down at the jet exit together with a further increase in the 

northward shift relative to the MHPMIP experiment (Fig. 11b). These changes cause a slight tilt in jet that 

favours more aloft divergence over northern India and Pakistan as also seen in figure 9b, which in turn 385 

favours increased rainfall in the region. The dust reduction (MHRD) leads to a pattern anomaly very 

similar to the MHPMIP experiment – albeit weaker (cf. Fig. 11a, c). The effect of the combined forcings 

(MHGS+RD) is dominated by the MHGS pattern (Fig. 11d) and in this case the anomalies are even larger 
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than in the MHGS case. This is likely due to the increase in temperature gradient between low and high 

latitude relative to the MHGS case (not shown). 390 

 

3.3 Model – Proxy intercomparison  

To evaluate the model performance when accounting for Sahara greening and reduction in airborne dust 

concentrations, we compare our simulations to the available marine and terrestrial paleoclimate 

archives. We focus on the most apparent dissimilarities between the sensitivity experiments and the 395 

standard MH simulation (MHPMIP) where only orbital forcing is considered. While our simulations are 

centred at 6,000 years BP, they should be seen as indicative of the wet early – middle Holocene rather 

than a snapshot of exactly 6,000 years BP, which appears to be a period of transition in particular for 

Indian terrestrial records (e.g., Prasad et al., 1997).  

 400 

Notable differences in summer precipitation between the four simulations occur over western India 

(Fig. 2), which shows substantially wetter conditions in MHGS and MHGS+RD, compared to the MHPMIP 

experiment in that region. Nal Sarovar, a brackish lake bordering the Thar desert, appears to have been 

wetter than today around 6,200 years BP, with a drying tendency towards the end of the MH (Prasad et 

al., 1997). There is evidence for a substantial pluvial between ~9 and 6 ka farther north in the core of 405 

the Thar (Deotare et al., 2004; Gill et al., 2015; and references therein), and a reduced dimension 

analysis suggests that reconstructed tropical Pacific SSTs alone could have driven a 60% increase in 

precipitation there during the early Holocene (see figure 5 in Gill et al., 2017). However, Gill et al. 

(2017) inferred winds and the precipitation over India using exclusively a proxy-based reconstruction of 

the tropical Pacific SSTs, assuming modern teleconnections. The MHPMIP experiment simulates a 410 

localized rainfall increase in the region of the Thar desert above 40 – 50%, whereas the MHGS+RD 

suggests a more intense and widespread increase in precipitation (Fig. 2) over the western and north-

western India, even though the monsoonal flow is weaker compared to MHPMIP (Fig. A4). This suggests 

that the modern teleconnections may not precisely hold in the past and the inferred changes based on 
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only tropical Pacific SST patterns may underestimate the total rainfall changes during the early and 415 

middle Holocene over north-western India.  

 

Another region where our simulations show divergent results is south-western coastal India. There, the 

MHGS+RD experiment shows drier conditions relative to PI, while the MHPMIP shows wetter conditions 

(Fig. 2). Paleoclimate archives from Nilgiri Hills, in the Western Ghats at the eastern edge of the 420 

simulated dry anomaly, suggest that that region was wetter between 12,000 and 10,000 years ago and 

then during the middle Holocene gradually became drier relative to today (Sukumar et al., 1993). 

Hence, accounting for the greening of the Sahara may improve the precipitation anomaly pattern seen 

during the middle Holocene over India; however, a systematic model validation is not currently possible 

due to the paucity of available paleoclimate archives and their large uncertainties. 425 

 

With respect to changes in SSTs, the MHGS+RD experiment simulates a warming of the Arabian Sea and 

Bay of Bengal summer SSTs relative to PI, while little change or a slight cooling is simulated in the 

MHPMIP experiment (Fig. 4). In the Arabian Sea, proxy evidence for widespread mid-Holocene SST 

warming is lacking. Dahl and Oppo (2006) showed that the early Holocene (at around 8,000 years BP) 430 

was 1.4 ± 1.3 °C cooler than the late Holocene, on the basis of Mg/Ca in the planktic foraminifer 

Globigerinoides ruber from 12 cores spanning much of the basin. Their only core showing a slight 

warming at 8,000 years BP (+1.0 °C) was situated off the Horn of Africa, a region with robust warming 

in all four mid-Holocene simulations. Other G. ruber and Trilobatus sacculifer Mg/Ca records 

corroborate modest cooling (~0 to -1 °C) during the middle Holocene (around 6,000 years BP) in the 435 

eastern Arabian Sea (Anand et al., 2008; Banakar et al., 2010; Govil and Naidu, 2010), with slight 

warming off the coast of southwest India (Saraswat et al., 2013) and again off the Horn of Africa 

(Anand et al., 2008). Alkenones document 0 to 1 °C cooling in the northern Arabian Sea during this 

time period (Böll et al., 2015; Schulte and Müller, 2001), with negligible change off the Arabian 

Peninsula (Huguet et al., 2006; Rostek et al., 1997) and southwest India (Sonzogni et al., 1998). 440 

Regional Mg/Ca and alkenone compilations by Gaye et al. (2018) suggest that no sector of the Arabian 

Sea was warmer at 6 ka, with the possible exception of south of India, which also warms slightly in all 
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four simulations. Alkenones from the northern Bay of Bengal (Lauterbach et al., 2020) and G. ruber 

Mg/Ca from the southern Bay of Bengal (Raza et al., 2017) indicate <1 °C cooling during the middle 

Holocene. Records from the Andaman Sea in the northeastern Indian Ocean show contrasting results, 445 

with some presenting a slight cooling (G. ruber; Rashid et al., 2007) and others a slight warming (T. 

sacculifer; Gebregiorgis et al., 2016), conceivably due to habitat differences between the planktic 

foraminifera species used. Overall, given that both simulated and proxy-documented changes are mostly 

<1 °C in the Arabian Sea and Bay of Bengal, it is difficult to draw definitive conclusions on the 

accuracy of the model simulations there.  450 

 

South of the equator west of Sumatra, the MHPMIP simulation produces a stronger cooling (>1 °C) that 

disappears in the MHGS+RD experiment (Fig. 4). Here alkenones are more consistent with MHPMIP, albeit 

with a more modest cooling of 0.5 to 1 °C (Li et al., 2016; Lückge et al., 2009). However, G. ruber 

Mg/Ca indicates negligible change, more consistent with MHGS+RD (Mohtadi et al., 2010). Seasonal 455 

differences in proxy carrier production may explain such differences, with Mg/Ca perhaps being more 

appropriate for comparison to JJAS simulations, as suggested for the equatorial Pacific (Gill et al., 

2016; Timmermann et al., 2014). Finally, south of the equator on the western side of the Indian basin 

off the coast of Tanzania, Mg/Ca reconstruction suggests that SSTs were about 1 to 1.5 °C warmer 

during the middle Holocene compared to late Holocene (Kuhnert et al., 2014), which is more consistent 460 

with the MHGS+RD experiment (Fig. 4d). This record also shows a rapid SST cooling concomitant with 

an abrupt retreat of the SAM as suggested by a recently published paleoclimate archives from western 

Yunnan Plateau in southwestern China (Wang et al., 2020) and northern Laos (Griffiths et al., 2020). 

Such changes are also synchronous with the end of the African Humid Period (e.g., deMenocal et al., 

2000), hence our simulations suggest that the changes in vegetation over the Sahara and in airborne dust 465 

emissions may have played a key role in shaping the evolution of the SAM. 

4. Discussion and Conclusions 

The mid-Holocene was characterised by a strengthening of the northern hemisphere monsoon system  

(e.g., Sun et al., 2019) due to increased boreal summer insolation. The consequent increase in rainfall 
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led to a greening of several semi-arid and arid regions in Northern Africa and Asia (e.g., Campo et al., 470 

1982; Dallmeyer et al., 2013; Fleitmann et al., 2003; Lézine et al., 2011; Tierney et al., 2017), and to a 

marked reduction in airborne dust emissions (deMenocal et al., 2000; McGee et al., 2013). The largest 

dust emission decreases are thought to have occurred in Northern Africa, where large tracts of what is 

today the Sahara Desert were vegetated. Understanding this complex set of interrelated changes can 

provide insights into the mechanisms of monsoonal variability, and contribute to strengthening our 475 

physical understanding of monsoonal changes in climate projections. However, many modelling efforts 

for the mid-Holocene have focused only on the impact of solar insolation changes as this has been the 

common protocol for climate simulations of this period (Otto-Bliesner et al., 2016; Taylor et al., 2009, 

2012), neglecting the feedbacks induced by the altered vegetation, soil properties, and associated dust 

emissions.  480 

 

Indeed, the role of reduced dust emissions during the mid-Holocene on local and global climate has 

only recently been addressed (Hopcroft and Valdes, 2019; Pausata et al., 2016, 2017a, 2017b; Piao et 

al., 2020; Sun et al., 2019; Thompson et al., 2019) and it has been shown that airborne dust may play an 

important role in modulating the intensity and geographical extent of the West African Monsoon 485 

(Pausata et al., 2016; Thompson et al., 2019) as well as impacting climate far afield. However, the role 

of Saharan dust changes in affecting the South Asia Monsoon (SAM) system has not hitherto been 

investigated. The key goal of the present study is to fill this knowledge gap, by outlining the remote 

response of the mid-Holocene SAM system to the Sahara greening and associated reduction in airborne 

dust concentrations. 490 

 

We analyse a set of simulations where the land cover is changed from desert to shrubland over a large 

part of northern Africa and dust concentration over the region is reduced by up to 80% compared to the 

pre-industrial period (Gaetani et al., 2017; Pausata et al., 2016). We find that a vegetated Sahara – albeit 

weakening the low-level southwesterly winds – enhances the moisture flux from the Arabian Sea to the 495 

northern Indian subcontinent and increases the precipitation in this region compared to a simulation in 

which only the orbital forcing is considered (Figs. 2, A9 and A11). Reduced dust emissions from the 
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Sahara partially counter the vegetation effect by weakening the thermal low over the Arabian Peninsula 

and the climatological southwesterlies and subsidence (Figs. 7, 9, A9, A11 and A12). This results in 

decreased precipitation over India in the mid Holocene experiment with both changes in vegetation and 500 

dust concentration (MHGS+RD) compared to the vegetated Sahara only case (MHGS), especially in the 

central-southern and western seaboard regions (Figs. 2 and A3). Overall, the SAM rainfall in the 

MHGS+RD is significantly increased compared to the PI climate as well as to the orbital forcing only 

simulation (MHPMIP). The monsoon season is also extended by several months, particularly in the 

withdrawal phase (Fig. 3). 505 

 

Sun et al. (2019) showed that the greening of the Sahara and a reduction in dust emissions significantly 

influence the Northern Hemisphere land monsoon precipitation, but the largest impact is on the WAM. 

Here, we show that the SAM is significantly affected by both vegetation changes in northern Africa and 

dust reduction and the remote response is about half of the rainfall change simulated locally over 510 

northern Africa (cf. Fig. 2 here with Fig. 2 in Pausata et al., 2016). However, the simulated impact of 

dust changes needs further investigation, as rainfall in tropical regions is strongly affected by the 

specific prescription of dust optical properties. In particular, the choice of the single scattering albedo 

ω0 can significantly alter the effect of dust on precipitation via the so-called “heat pump” effect (Lau et 

al., 2009).  The atmospheric dust layer in which the dust particles are moderately-to-highly absorbing 515 

(single scattering albedo ω0 < 0.95) warms the atmosphere enhancing deep convection and intensifying 

the monsoonal precipitation (Lau et al., 2009). In particular, EC-Earth has a single scattering albedo of 

0.89 at 550 nm (Table A1). Such a value is too absorbing compared to observations (see figure 1 in 

Albani et al., 2014) and consequently the radiative impact of dust is likely overestimated as also pointed 

out in Hopcroft and Valdes (2019). Furthermore, Albani and Mahowald (2019) showed how different 520 

choices in terms of dust optical properties and size distributions may yield opposite results in terms of 

rainfall changes. For example, Shi et al. (2019) showed that the dust radiative effect intensifies the 

SAM, which is opposite to our results. This difference results in a warming of the Tibetan Plateau and 

Central Asia when reducing dust under a Green Sahara, likely associated with a decrease in 

precipitation in the region.  525 
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A further caveat of our work with respect to dust is that we rely on an idealised dust reduction pattern, 

as opposed to more realistic global dust modulation patterns (e.g. Albani et al., 2015). However, in the 

EC-Earth simulations most of the changes in the WAM intensity and the teleconnection to the SAM 

were associated to changes in surface albedo due to greening of the Sahara. The surface albedo changes 

were then further enhanced by dust reduction. This rainfall response in the WAM is opposite to what 530 

one would expect from a reduced “heat pump” effect (decreased rainfall), suggesting that the “heat 

pump” effect is overwhelmed by the changes in surface albedo under green Sahara conditions in EC-

Earth simulations. Moreover, previous work (Gaetani et al., 2017), has shown that the results from 

different dust distributions are very similar, and do not alter the qualitative conclusion that dust changes 

amplify the effects associated with land surface changes. 535 

A comparison of our simulations with paleoclimate archives points to potential improvements in 

simulating rainfall over India when including the greening of the Sahara and dust reduction relative to 

the orbital forcing-only simulation. In particular, our simulations suggest that the vegetation and dust 

emission changes may have played an important role in affecting the Indian Ocean temperature and 

shaping the evolution of the SAM during the termination of the African Humid Period. However, no 540 

robust conclusions can be drawn in this respect due to the relative paucity of geographically and 

temporally referenced, quantitative paleo-precipitation data in the region. A similar difficulty is 

encountered in evaluating the modelled SST changes. Only some paleo-archives point to closer 

agreement with the MHGS+RD simulation, however, in general the amplitudes of SST changes are small 

relative to proxy uncertainties, making it difficult to provide a systematic model validation. 545 

 

Finally, in our experiments we only consider changes in vegetation over northern Africa and its remote 

impact on SAM. However, proxy archives from the mid-Holocene point to widespread vegetation 

changes across the globe, with expanded forest cover in Eurasia (Prentice et al., 1998; Tarasov et al., 

1998) and greener southern and eastern Asia (Dykoski et al., 2005; Fleitmann et al., 2003; Thompson et 550 

al., 1997; Zhang et al., 2014). Swann et al. (2012, 2014) show that in their model the remote forcing 

from expanded forest cover in Eurasia during the mid-Holocene shifts the intertropical convergence 

zone northward, resulting in an enhancement of precipitation over northern Africa that is greater than 
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that resulting from orbital forcing and local vegetation alone. Using idealized deforestation experiments 

in the tropics and temperate regions, Devaraju et al. (2015) showed that the monsoonal precipitation 555 

changes can be more sensitive to remote than local changes in vegetation. Hence, it is possible that the 

rainfall changes seen in our study may be further modulated by vegetation changes in Europe and Asia. 

Therefore, it is critical that the Earth system modelling community conducts a concerted effort to 

include reconstructed vegetation distributions and dust concentrations when simulating the mid-

Holocene climate. 560 

Appendix 

Table A1: Aerosol optical depth, single scattering albedo and composition of the mineral dust for a 

relative humidity of 50%. 

Type 
RH 

(%) 

AOD at 

550 nm 

SSA 

(ω0) 
Component 

Number 

(cm-3) 

Mass 

(µg/m3) 

“Desert” 
dust-like 50 0.037 0.888 Total 2300 225.8 

    Water 
soluble 2000 4.0 

    Mineral 
(nuclei) 269.5 7.5 

    
Mineral 
(accum.) 30.5 168.7 

    Mineral 
(coarse) 

0.142 45.6 

 

 565 

Model Validation 

In order to evaluate the performance of the EC-Earth model used here in reproducing the SAM 

dynamics, we compare our pre-industrial simulation (PI) to surface temperature and precipitation data 

from ECMWF’s ERA5 reanalysis product, (Hersbach et al., 2020) and gridded observational products. 

Long-term precipitation rates from ERA5 compare favourably with NASA's TRMM Multi-satellite 570 
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Precipitation Analysis (Hersbach et al., 2020; Huffman et al., 2010), and over the Indian subcontinent 

differences between ERA5 and the Global Precipitation Climatology Project (GPCP) gridded 

observational dataset (Adler et al., 2018) are mostly below 0.5 mm/day (Figs. A1 and A2). Good 

agreement is also found between ERA5 temperatures and the Climatic Research Unit (CRU) data set 

(Harris et al., 2020) and ERA5 improves in this respect over previous datasets (Hersbach et al., 2020).  575 

EC-Earth’s PI simulation in general underestimates rainfall over the north-eastern Indian subcontinent, 

and overestimates it over the western side. The model further presents a large cold bias (Fig. A1). 

 

 

Figure A1. Climatological summer (JJAS, June to September) precipitation (PRECT; mm/day) from: 580 

(a) the pre-industrial simulation (PI), (b) the ERA5 reanalysis for the period 1979 – 2018 and (c) the 

Global Precipitation Climatology Project (GPCP) version 2.3 for the period 1979 - 2018. Climatological 

summer (JJAS, June to September) surface temperature (TS; °C) from: (d) the pre-industrial (PI) and (e) 

the ERA5 reanalysis for the period 1979 – 2018; and (f) near surface temperature from the Climatic 

Research Unit (CRU) time-series version 4.04 for the period 1979 – 2018. 585 

a) b)

d) e)

(°C)

(mm/day)

c)
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Figure A2. Climatological seasonal cycle of zonal-mean precipitation (PRECT; mm/day) between 65° 

and 95°E from: (a) the pre-industrial (PI) simulation, (b) the ERA5 reanalysis for the period 1979 – 

2018 and (c) the Global Precipitation Climatology Project (GPCP) version 2.3 for the period 1979 – 

2018. 590 
 

 
Figure A3. Changes in summer (JJAS, June to September) precipitation (PRECT; mm/day) for: (a) the 

middle Holocene Green Sahara (MHGS); (b) the dust reduction only (MHRD); and (c) the Sahara 

greening and dust reduction (MHGS+RD) experiments relative to the middle Holocene orbital forcing 595 

only (MHPMIP) simulation. The contour lines follow the colorbar scale (the 0 lines are omitted for 

clarity). Only differences significant at the 95% confidence level using the Student t test are shaded.  

a) b)

(mm/day)

c)
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Figure A4. (a) Summer (JJAS, June to September) precipitation (PRECT, mm/day) and (b) surface 

temperature (TS; °C) anomalies between the MHGS+RD and the MHPMIP experiments. (c) The sum of 600 

MHGS and MHRD precipitation and (d) surface temperature anomalies relative to the reference MHPMIP 

experiment. (e)-(f) Difference between panel (a) and (c), and (b) and (d) respectively. Only differences 

significant at the 95% confidence level using the Student t test are shaded in panels (c) to (f). 
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Figure A5. Difference between positive and negative phase of the Indian Ocean Dipole (IOD) 605 

composite for summer (JJAS, June to September) precipitation (PRECT, mm/day) in the pre-industrial 

(PI) experiment. Only differences significant at the 95% confidence level using the Student t test are 

shaded. The contours follow the color bar intervals (solid for positive and dashed for negative 

anomalies; the zero line is omitted). 

 610 
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Figure A6. Changes in summer (JJAS, June to September) surface temperature (TS; °C) for: (a) the 

middle Holocene Green Sahara (MHGS), (b) the dust reduction only (MHRD); and (c) the Sahara 

greening and dust reduction (MHGS+RD) experiments relative to the middle Holocene orbital forcing 

only (MHPMIP) simulation The contour lines follow the colorbar scale (the 0 lines are omitted for 615 

clarity). Only differences significant at the 95% confidence level using the Student t test are shaded. 

 

Figure A7. Scatter plot of summer (JJAS, June to September) changes between precipitation over India 

(10°–30°N; 70°–85°E, land-only; mm/day) and Indian Ocean dipole index (IOD index; K). IOD index 

is the difference between the western equatorial Indian Ocean (10°S–10°N; 50°–70°E) and eastern 620 

equatorial Indian Ocean (10°S–0°N; 90°–110°E) sea surface temperature anomaly. The changes are 

shown for the middle Holocene orbital forcing only (MHPMIP) in red, the Sahara greening (MHGS) in 

green, dust reduction only (MHRD) in yellow, and the Sahara greening with dust reduction (MHGS+RD) in 

blue with respect to the pre-industrial (PI) reference simulation.  

a) b) c)
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 625 

Figure A8 Changes in summer (JJAS, June to September) evapotranspiration (EVAP; mm/day) for: (a) 

the middle Holocene Green Sahara (MHGS); (b) the dust reduction only (MHRD); and (c) the Sahara 

greening and dust reduction (MHGS+RD) experiments relative to the middle Holocene orbital forcing 

only (MHPMIP) simulation. The contour lines follow the colorbar scale (the 0 lines are omitted for 

clarity). Only differences significant at the 95% confidence level using the Student t test are shaded. 630 

 
Figure A9 Changes in summer (JJAS, June to September) sea level pressure (shadings, SLP; hPa) and 

925hPa wind (arrows, W925; m/s) for: (a) the middle Holocene Green Sahara (MHGS); (b) the dust 

reduction only (MHRD); and (c) the Sahara greening and dust reduction (MHGS+RD) experiments relative 

to the middle Holocene orbital forcing only (MHPMIP) simulation. The contour lines follow the colorbar 635 

scale (the 0 lines are omitted for clarity). Only SLP differences significant at the 95% confidence level 

using the Student t test are shaded. 
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Figure A10. Climatological summer (JJAS, June to September) (a) vertical integrated horizontal 640 

moisture flux (VIMF, kg•m/s) with the arrows representing the zonal and meridional component of the 

moisture flux; (b) vertical pressure velocity at 500 hPa (ω500, 10-2 Pa/s), in the pre-industrial (PI) 

simulation. 

 

 645 

Figure A11. Changes in summer (JJAS, June to September) vertically integrated (from 1000 to 300 

hPa) horizontal moisture flux (VIMF; kg•m/s) for: (a) the middle Holocene Green Sahara (MHGS); (b) 

the dust reduction only (MHRD); and (c) the Sahara greening and dust reduction (MHGS+RD) experiments 

relative to the middle Holocene orbital forcing only (MHPMIP) simulation. The contour lines follow the 

colorbar scale (the 0 lines are omitted for clarity). The arrows represent the zonal and meridional 650 

component of the moisture flux. Only differences significant at the 95% confidence level using the 

Student t test are shaded.  
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Figure A12. Changes in summer (JJAS, June to September) vertical pressure velocity at 500 hPa 655 

(w500; Pa/s) for: (a) the middle Holocene Green Sahara (MHGS); (b) the dust reduction only (MHRD); 

and (c) the Sahara greening and dust reduction (MHGS+RD) experiments relative to the middle Holocene 

orbital forcing only (MHPMIP) simulation. The contour lines follow the colorbar scale (the 0 lines are 

omitted for clarity). Only differences significant at the 95% confidence level using the Student t test are 

shaded. 660 
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Figure A13. Changes in summer (JJAS, June to September) velocity potential (VelPot – shadings; 106 

m2/s) and divergence wind (DIV – arrows; m/s) at 200 hPa for: (a) the Sahara greening (MHGS); (b) the 

dust reduction only (MHRD); and (c) the Sahara greening and dust reduction (MHGS+RD) experiments 

relative to the middle Holocene only orbital forcing (MHPMIP). The contour lines show the 665 

climatological summer velocity potential of the MHPMIP experiment. Only differences significant at the 

95% confidence level using the Student t test are shaded. 
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 670 

Figure A14. Scatter plot of summer (JJAS, June to September) changes between 925-hPa wind speed 

over the Bay of Bengal (BoB, 10°–20°N; 85°–95°E, m/s) and precipitation over west equatorial Indian 

ocean (WEIO, 5°S to 5°N; 50°–65°E, mm/day) and north-eastern Africa (NEA, 10°–20°N; 30°–45°E). 

Linear summation of precipitation over the two regions is considered. The changes are shown for the 

middle Holocene orbital forcing only (MHPMIP) in red, the Sahara greening (MHGS) in green, dust 675 

reduction only (MHRD) in yellow, and the Sahara greening with dust reduction (MHGS+RD) in blue with 

respect to the pre-industrial (PI) reference simulation.  
 

  

(mm/day)    

(m
/s

)



32 
 

 680 

Author contribution 

F.S.R.P. conceived the study and designed the experiments. F.S.R.P., G.M., J.Y. and C.A.J. analyzed 

the model output. T.M.M. helped with the model-proxy intercomparison. All authors contributed to the 

interpretation of the results. F.S.R.P. and G.M. wrote the manuscript with contributions from all 

authors. 685 

Competing interests 

The authors declare that they have no conflict of interest. 

Acknowledgments  

The authors would like to thank Qiong Zhang for sharing the global model outputs. F.S.R.P. 

acknowledges the financial support from the Natural Sciences and Engineering Research Council of 690 

Canada (NSERC Grants RGPIN-2018-04981) and from the Fond de Recherche du Québec - Nature et 

Technologies (FRQNT Grant 2020-NC-268559). F.S.R.P. acknowledges funding from the Swedish 

Research Council (FORMAS) and M.B. from the National Environment Research Council (NERC 

Grant NE/P0067521/1) as part of the Joint Programming Initiative on Climate and the Belmont Forum 

for the project “Palaeo-constraints on Monsoon Evolution and Dynamics (PACMEDY)”.  G.M. 695 

acknowledges the financial support of the Swedish Research Council (FORMAS Grant 2018-00968). 

 

References 
 

Adler, R., Sapiano, M., Huffman, G., Wang, J.-J., Gu, G., Bolvin, D., Chiu, L., Schneider, U., Becker, 700 
A., Nelkin, E., Xie, P., Ferraro, R. and Shin, D.-B.: The Global Precipitation Climatology Project 
(GPCP) Monthly Analysis (New Version 2.3) and a Review of 2017 Global Precipitation, Atmosphere 
(Basel)., 9(4), 138, doi:10.3390/atmos9040138, 2018. 
Albani, S. and Mahowald, N. M.: Paleodust Insights into Dust Impacts on Climate, J. Clim., 32(22), 
7897–7913, doi:https://doi.org/10.1175/JCLI-D-18-0742.1, 2019. 705 



33 
 

Albani, S., Mahowald, N. M., Perry, A. T., Scanza, R. A., Zender, C. S., Heavens, N. G., Maggi, V., 
Kok, J. F. and Otto-Bliesner, B. L.: Improved dust representation in the Community Atmosphere 
Model, J. Adv. Model. Earth Syst., 6(3), 541–570, doi:10.1002/2013MS000279, 2014. 
Albani, S., Mahowald, N. M., Winckler, G., Anderson, R. F., Bradtmiller, L. I., Delmonte, B., François, 
R., Goman, M., Heavens, N. G., Hesse, P. P., Hovan, S. A., Kang, S. G., Kohfeld, K. E., Lu, H., Maggi, 710 
V., Mason, J. A., Mayewski, P. A., McGee, D., Miao, X., Otto-Bliesner, B. L., Perry, A. T., Pourmand, 
A., Roberts, H. M., Rosenbloom, N., Stevens, T. and Sun, J.: Twelve thousand years of dust: the 
Holocene global dust cycle constrained by natural archives, Clim. Past, 11(6), 869–903, doi:10.5194/cp-
11-869-2015, 2015. 
Anand, P., Kroon, D., Singh, A. D., Ganeshram, R. S., Ganssen, G. and Elderfield, H.: Coupled sea 715 
surface temperature-seawater δ 18 O reconstructions in the Arabian Sea at the millennial scale for the 
last 35 ka, Paleoceanography, 23(4), PA4207, doi:10.1029/2007PA001564, 2008. 
Arbuszewski, J. A., deMenocal, P. B., Cléroux, C., Bradtmiller, L. and Mix, A.: Meridional shifts of the 
Atlantic intertropical convergence zone since the Last Glacial Maximum, Nat. Geosci., 6(11), 959–962, 
doi:10.1038/ngeo1961, 2013. 720 

Ashok, K., Guan, Z. and Yamagata, T.: Impact of the Indian Ocean dipole on the relationship between 
the Indian monsoon rainfall and ENSO, Geophys. Res. Lett., 28(23), 4499–4502, 
doi:10.1029/2001GL013294, 2001. 
Banakar, V. K., Mahesh, B. S., Burr, G. and Chodankar, A. R.: Climatology of the Eastern Arabian Sea 
during the last glacial Cycle reconstructed from paired measurement of foraminiferal δ 18 O and Mg/Ca, 725 
Quat. Res., 73(3), 535–540, doi:10.1016/j.yqres.2010.02.002, 2010. 
Biasutti, M.: Forced Sahel rainfall trends in the CMIP5 archive, J. Geophys. Res. Atmos., 118(4), 1613–
1623, doi:10.1002/jgrd.50206, 2013. 
Bird, B. W., Polisar, P. J., Lei, Y., Thompson, L. G., Yao, T., Finney, B. P., Bain, D. J., Pompeani, D. 
P. and Steinman, B. A.: A Tibetan lake sediment record of Holocene Indian summer monsoon 730 
variability., 2014. 
Böll, A., Schulz, H., Munz, P., Rixen, T., Gaye, B. and Emeis, K.-C.: Contrasting sea surface 
temperature of summer and winter monsoon variability in the northern Arabian Sea over the last 25 ka, 
Palaeogeogr. Palaeoclimatol. Palaeoecol., 426, 10–21, doi:10.1016/J.PALAEO.2015.02.036, 2015. 
Campo, E. Van, Duplessy, J. C. and Rossignol-Strick, M.: Climatic conditions deduced from a 150-kyr 735 
oxygen isotope–pollen record from the Arabian Sea, Nature, 296(5852), 56–59, doi:10.1038/296056a0, 
1982. 
Dallmeyer, A., Claussen, M., Wang, Y. and Herzschuh, U.: Spatial variability of Holocene changes in 
the annual precipitation pattern: a model-data synthesis for the Asian monsoon region, Clim. Dyn., 
40(11–12), 2919–2936, doi:10.1007/s00382-012-1550-6, 2013. 740 

deMenocal, P., Ortiz, J., Guilderson, T., Adkins, J., Sarnthein, M., Baker, L. and Yarusinsky, M.: 
Abrupt onset and termination of the African Humid Period:, Quat. Sci. Rev., 19(1–5), 347–361, 
doi:10.1016/S0277-3791(99)00081-5, 2000. 



34 
 

Deotare, B. C., Kajale, M. D., Rajaguru, S. N., Kusumgar, S., Jull, A. J. T. and Donahue, J. D.: 
Palaeoenvironmental history of Bap-Malar and Kanod playas of western Rajasthan, Thar desert, J. Earth 745 
Syst. Sci., 113(3), 403–425, doi:10.1007/BF02716734, 2004. 
Devaraju, N., Bala, G. and Modak, A.: Effects of large-scale deforestation on precipitation in the 
monsoon regions: remote versus local effects., Proc. Natl. Acad. Sci. U. S. A., 112(11), 3257–62, 
doi:10.1073/pnas.1423439112, 2015. 
Dykoski, C. A., Edwards, R. L., Cheng, H., Yuan, D., Cai, Y., Zhang, M., Lin, Y., Qing, J., An, Z. and 750 
Revenaugh, J.: A high-resolution, absolute-dated Holocene and deglacial Asian monsoon record from 
Dongge Cave, China, Earth Planet. Sci. Lett., 233(1–2), 71–86, doi:10.1016/j.epsl.2005.01.036, 2005. 
Egerer, S., Claussen, M. and Reick, C.: Rapid increase in simulated North Atlantic dust deposition due 
to fast change of northwest African landscape during the Holocene, Clim. Past, 14(7), 1051–1066, 
doi:10.5194/cp-14-1051-2018, 2018. 755 

Evan, A. T., Flamant, C., Gaetani, M. and Guichard, F.: The past, present and future of African dust, 
Nature, 531(7595), 493–495, doi:10.1038/nature17149, 2016. 
Fleitmann, D., Burns, S. J., Mudelsee, M., Neff, U., Kramers, J., Mangini, A. and Matter, A.: Holocene 
forcing of the Indian monsoon recorded in a stalagmite from southern Oman., Science, 300(5626), 
1737–9, doi:10.1126/science.1083130, 2003. 760 

Gaetani, M., Messori, G., Zhang, Q., Flamant, C. and Pausata, F. S. R.: Understanding the mechanisms 
behind the northward extension of the West African Monsoon during the mid-Holocene, J. Clim., 
30(19), doi:10.1175/JCLI-D-16-0299.1, 2017. 
Gaye, B., Böll, A., Segschneider, J., Burdanowitz, N., Emeis, K.-C., Ramaswamy, V., Lahajnar, N., 
Lückge, A. and Rixen, T.: Glacial–interglacial changes and Holocene variations in Arabian Sea 765 
denitrification, Biogeosciences, 15(2), 507–527, doi:10.5194/bg-15-507-2018, 2018. 
Gebregiorgis, D., Hathorne, E. C., Sijinkumar, A. V., Nath, B. N., Nürnberg, D. and Frank, M.: South 
Asian summer monsoon variability during the last ∼54 kyrs inferred from surface water salinity and 
river runoff proxies, Quat. Sci. Rev., 138, 6–15, doi:10.1016/J.QUASCIREV.2016.02.012, 2016. 
Giannini, A. and Kaplan, A.: The role of aerosols and greenhouse gases in Sahel drought and recovery, 770 
Clim. Change, 152(3–4), 449–466, doi:10.1007/s10584-018-2341-9, 2019. 
Gill, E. C., Rajagopalan, B. and Molnar, P. H.: An assessment of the mean annual precipitation needed 
to sustain Lake Sambhar in Rajasthan, India, during mid-Holocene time, The Holocene, 25(12), 1923–
1934, doi:10.1177/0959683615596817, 2015. 
Gill, E. C., Rajagopalan, B., Molnar, P. and Marchitto, T. M.: Reduced-dimension reconstruction of the 775 
equatorial Pacific SST and zonal wind fields over the past 10,000 years using Mg/Ca and alkenone 
records, Paleoceanography, 31(7), 928–952, doi:10.1002/2016PA002948, 2016. 
Gill, E. C., Rajagopalan, B., Molnar, P. H., Kushnir, Y. and Marchitto, T. M.: Reconstruction of Indian 
summer monsoon winds and precipitation over the past 10,000 years using equatorial pacific SST proxy 
records, Paleoceanography, 32(2), 195–216, doi:10.1002/2016PA002971, 2017. 780 



35 
 

Govil, P. and Naidu, P. D.: Evaporation-precipitation changes in the eastern Arabian Sea for the last 68 
ka: Implications on monsoon variability, Paleoceanography, 25(1), doi:10.1029/2008PA001687, 2010. 
Griffiths, M. L., Johnson, K. R., Pausata, F. S. R., White, J. C., Henderson, G. M., Wood, C. T., Yang, 
H., Ersek, V., Conrad, C. and Sekhon, N.: End of Green Sahara amplified mid- to late Holocene 
megadroughts in mainland Southeast Asia, Nat. Commun., 11(1), 4204, doi:10.1038/s41467-020-785 
17927-6, 2020. 
Harris, I., Osborn, T. J., Jones, P. and Lister, D.: Version 4 of the CRU TS monthly high-resolution 
gridded multivariate climate dataset, Sci. Data, 7(1), 109, doi:10.1038/s41597-020-0453-3, 2020. 
Harrison, S. P., Bartlein, P. J., Brewer, S., Prentice, I. C., Boyd, M., Hessler, I., Holmgren, K., Izumi, K. 
and Willis, K.: Climate model benchmarking with glacial and mid-Holocene climates, Clim. Dyn., 790 
43(3–4), 671–688, doi:10.1007/s00382-013-1922-6, 2014. 
Hazeleger, W., Severijns, C., Semmler, T., Ştefǎnescu, S., Yang, S., Wang, X., Wyser, K., Dutra, E., 
Baldasano, J. M., Bintanja, R., Bougeault, P., Caballero, R., Ekman, A. M. L., Christensen, J. H., Van 
Den Hurk, B., Jimenez, P., Jones, C., Kållberg, P., Koenigk, T., McGrath, R., Miranda, P., Van Noije, 
T., Palmer, T., Parodi, J. A., Schmith, T., Selten, F., Storelvmo, T., Sterl, A., Tapamo, H., 795 
Vancoppenolle, M., Viterbo, P. and Willén, U.: EC-Earth: A seamless Earth-system prediction approach 
in action, Bull. Am. Meteorol. Soc., 91(10), 1357–1363, doi:10.1175/2010BAMS2877.1, 2010. 
Hersbach, H., Bell, B., Berrisford, P., Hirahara, S., Horányi, A., Muñoz‐Sabater, J., Nicolas, J., Peubey, 
C., Radu, R., Schepers, D., Simmons, A., Soci, C., Abdalla, S., Abellan, X., Balsamo, G., Bechtold, P., 
Biavati, G., Bidlot, J., Bonavita, M., Chiara, G., Dahlgren, P., Dee, D., Diamantakis, M., Dragani, R., 800 
Flemming, J., Forbes, R., Fuentes, M., Geer, A., Haimberger, L., Healy, S., Hogan, R. J., Hólm, E., 
Janisková, M., Keeley, S., Laloyaux, P., Lopez, P., Lupu, C., Radnoti, G., Rosnay, P., Rozum, I., 
Vamborg, F., Villaume, S. and Thépaut, J.: The ERA5 global reanalysis, Q. J. R. Meteorol. Soc., 
146(730), 1999–2049, doi:10.1002/qj.3803, 2020. 
Hess, M., Koepke, P. and Schult, I.: Optical Properties of Aerosols and Clouds: The Software Package 805 
OPAC, Bull. Am. Meteorol. Soc., 79(5), 831–844, doi:10.1175/1520-
0477(1998)079<0831:OPOAAC>2.0.CO;2, 1998. 
Hopcroft, P. O. and Valdes, P. J.: On the Role of Dust‐Climate Feedbacks During the Mid‐Holocene, 
Geophys. Res. Lett., 46(3), 2018GL080483, doi:10.1029/2018GL080483, 2019. 
Huang, X., Zhou, T., Dai, A., Li, H., Li, C., Chen, X., Lu, J., Von storch, J.-S. and Wu, B.: South Asian 810 
summer monsoon projections constrained by the interdecadal Pacific oscillation, Sci. Adv., 6(11), 
eaay6546, doi:10.1126/sciadv.aay6546, 2020. 
Huffman, G. J., Adler, R. F., Bolvin, D. T. and Nelkin, E. J.: The TRMM Multi-Satellite Precipitation 
Analysis (TMPA), in Satellite Rainfall Applications for Surface Hydrology, pp. 3–22, Springer 
Netherlands, Dordrecht., 2010. 815 

Huguet, C., Kim, J.-H., Sinninghe Damsté, J. S. and Schouten, S.: Reconstruction of sea surface 
temperature variations in the Arabian Sea over the last 23 kyr using organic proxies (TEX 86 and U 37 K′ 
), Paleoceanography, 21(3), doi:10.1029/2005PA001215, 2006. 



36 
 

Huo, Y. and Peltier, W. R.: Dynamically Downscaled Climate Change Projections for the South Asian 
Monsoon: Mean and Extreme Precipitation Changes and Physics Parameterization Impacts, J. Clim., 820 
33(6), 2311–2331, doi:10.1175/JCLI-D-19-0268.1, 2020. 
Jalihal, C., Srinivasan, J. and Chakraborty, A.: Modulation of Indian monsoon by water vapor and cloud 
feedback over the past 22,000 years, Nat. Commun., 10(1), 5701, doi:10.1038/s41467-019-13754-6, 
2019a. 
Jalihal, C., Bosmans, J. H. C., Srinivasan, J. and Chakraborty, A.: The response of tropical precipitation 825 
to Earth’s precession: the role of energy fluxes and vertical stability, Clim. Past, 15(2), 449–462, 
doi:10.5194/cp-15-449-2019, 2019b. 
Kuhnert, H., Kuhlmann, H., Mohtadi, M., Meggers, H., Baumann, K.-H. and Pätzold, J.: Holocene 
tropical western Indian Ocean sea surface temperatures in covariation with climatic changes in the 
Indonesian region, Paleoceanography, 29(5), 423–437, doi:10.1002/2013PA002555, 2014. 830 

Lau, K.-M.: East Asian Summer Monsoon Rainfall Variability and Climate Teleconnection, J. 
Meteorol. Soc. Japan. Ser. II, 70(1B), 211–242, doi:10.2151/jmsj1965.70.1B_211, 1992. 
Lau, K. M., Kim, K. M., Sud, Y. C. and Walker, G. K.: A GCM study of the response of the 
atmospheric water cycle of West Africa and the Atlantic to Saharan dust radiative forcing, Ann. 
Geophys., 27(10), 4023–4037, doi:10.5194/angeo-27-4023-2009, 2009. 835 

Lauterbach, S., Andersen, N., Wang, Y. V., Blanz, T., Larsen, T. and Schneider, R. R.: An ~130 kyr 
Record of Surface Water Temperature and δ 18 O From the Northern Bay of Bengal: Investigating the 
Linkage Between Heinrich Events and Weak Monsoon Intervals in Asia, Paleoceanogr. 
Paleoclimatology, 35(2), doi:10.1029/2019PA003646, 2020. 
Lézine, A.-M., Hély, C., Grenier, C., Braconnot, P. and Krinner, G.: Sahara and Sahel vulnerability to 840 
climate changes, lessons from Holocene hydrological data, Quat. Sci. Rev., 30(21–22), 3001–3012, 
doi:10.1016/j.quascirev.2011.07.006, 2011. 
Li, Z., Shi, X., Chen, M.-T., Wang, H., Liu, S., Xu, J., Long, H., Troa, R. A., Zuraida, R. and Triarso, 
E.: Late Quaternary fingerprints of precession and sea level variation over the past 35 kyr as revealed by 
sea surface temperature and upwelling records from the Indian Ocean near southernmost Sumatra, Quat. 845 
Int., 425, 282–291, doi:10.1016/J.QUAINT.2016.07.013, 2016. 
Liu, Z., Harrison, S. P., Kutzbach, J. and Otto-Bliesner, B.: Global monsoons in the mid-Holocene and 
oceanic feedback, Clim. Dyn., 22(2–3), 157–182, doi:10.1007/s00382-003-0372-y, 2004. 
Lückge, A., Mohtadi, M., Rühlemann, C., Scheeder, G., Vink, A., Reinhardt, L. and Wiedicke, M.: 
Monsoon versus ocean circulation controls on paleoenvironmental conditions off southern Sumatra 850 
during the past 300,000 years, Paleoceanography, 24(1), PA1208, doi:10.1029/2008PA001627, 2009. 
McGee, D., deMenocal, P. B., Winckler, G., Stuut, J. B. W. and Bradtmiller, L. I.: The magnitude, 
timing and abruptness of changes in North African dust deposition over the last 20,000yr, Earth Planet. 
Sci. Lett., 371–372, 163–176, doi:10.1016/j.epsl.2013.03.054, 2013. 
Messori, G., Gaetani, M., Zhang, Q., Zhang, Q. and Pausata, F. S. R.: The water cycle of the mid‐855 
Holocene West African monsoon: The role of vegetation and dust emission changes, Int. J. Climatol., 



37 
 

39(4), 3, doi:10.1002/joc.5924, 2019. 
Mishra, S. K., Sahany, S., Salunke, P., Kang, I.-S. and Jain, S.: Fidelity of CMIP5 multi-model mean in 
assessing Indian monsoon simulations, npj Clim. Atmos. Sci., 1(1), 39, doi:10.1038/s41612-018-0049-
1, 2018. 860 

Mohtadi, M., Steinke, S., Lückge, A., Groeneveld, J. and Hathorne, E. C.: Glacial to Holocene surface 
hydrography of the tropical eastern Indian Ocean, Earth Planet. Sci. Lett., 292(1–2), 89–97, 
doi:10.1016/J.EPSL.2010.01.024, 2010. 
Muschitiello, F., Zhang, Q., Sundqvist, H. S., Davies, F. J. and Renssen, H.: Arctic climate response to 
the termination of the African Humid Period, Quat. Sci. Rev., 125, 91–97, 2015. 865 

Otto-Bliesner, B. L., Braconnot, P., Harrison, S. P., Lunt, D. J., Abe-Ouchi, A., Albani, S., Bartlein, P. 
J., Capron, E., Carlson, A. E., Dutton, A., Fischer, H., Goelzer, H., Govin, A., Haywood, A., Joos, F., 
Legrande, A. N., Lipscomb, W. H., Lohmann, G., Mahowald, N., Nehrbass-Ahles, C., Pausata, F. S. R., 
Peterschmitt, J.-Y., Phipps, S. and Renssen, H.: The PMIP4 contribution to CMIP6. Part 2: Two 
Interglacials, Scientific Objective and Experimental Design for Holocene and Last Interglacial 870 
Simulations, Geosci. Model Dev., 10, 3979–4003, doi:10.5194/gmd-2016-279, 2016. 
Pausata, F. S. R., Messori, G. and Zhang, Q.: Impacts of dust reduction on the northward expansion of 
the African monsoon during the Green Sahara period, Earth Planet. Sci. Lett., 434, 298–307, 
doi:10.1016/j.epsl.2015.11.049, 2016. 
Pausata, F. S. R., Zhang, Q., Muschitiello, F., Lu, Z., Chafik, L., Niedermeyer, E. M., Stager, J. C., 875 
Cobb, K. M. and Liu, Z.: Greening of the Sahara suppressed ENSO activity during the mid-Holocene, 
Nat. Commun., 8, doi:10.1038/ncomms16020, 2017a. 
Pausata, F. S. R., Emanuel, K. A., Chiacchio, M., Diro, G. T., Zhang, Q., Sushama, L., Stager, J. C. and 
Donnelly, J. P.: Tropical cyclone activity enhanced by Sahara greening and reduced dust emissions 
during the African Humid Period, Proc. Natl. Acad. Sci. U. S. A., 114(24), 6221–6226, 880 
doi:10.1073/pnas.1619111114, 2017b. 
Pausata, F. S. R., Gaetani, M., Messori, G., Berg, A., Maia de Souza, D., Sage, R. F. and deMenocal, P. 
B.: The Greening of the Sahara: Past Changes and Future Implications, One Earth, 2(3), 235–250, 
doi:10.1016/j.oneear.2020.03.002, 2020. 
Piao, J., Chen, W., Wang, L., Pausata, F. S. R. and Zhang, Q.: Northward extension of the East Asian 885 
summer monsoon during the mid-Holocene, Glob. Planet. Change, 184, 103046, 
doi:10.1016/J.GLOPLACHA.2019.103046, 2020. 
Prasad, S., Kusumgar, S. and Gupta, S. K.: A mid to late Holocene record of palaeoclimatic changes 
from Nal Sarovar: a palaeodesert margin lake in western India, J. Quat. Sci., 12(2), 153–159, 
doi:10.1002/(SICI)1099-1417(199703/04)12:2<153::AID-JQS300>3.0.CO;2-X, 1997. 890 

Prentice, I. C., Harrison, S. P., Jolly, D. and Guiot, J.: The climate and biomes of Europe at 6000 yr BP: 
Comparison of model simulations and pollen-based reconstructions, Quat. Sci. Rev., 17(6–7), 659–668, 
doi:10.1016/S0277-3791(98)00016-X, 1998. 



38 
 

Rashid, H., Flower, B. P., Poore, R. Z. and Quinn, T. M.: A ∼25 ka Indian Ocean monsoon variability 
record from the Andaman Sea, Quat. Sci. Rev., 26(19–21), 2586–2597, 895 
doi:10.1016/J.QUASCIREV.2007.07.002, 2007. 
Raza, T., Ahmad, S. M., Steinke, S., Raza, W., Lone, M. A., Beja, S. K. and Suseela, G.: Glacial to 
Holocene changes in sea surface temperature and seawater δ18O in the northern Indian Ocean, 
Palaeogeogr. Palaeoclimatol. Palaeoecol., 485, 697–705, doi:10.1016/J.PALAEO.2017.07.026, 2017. 
Rostek, F., Bard, E., Beaufort, L., Sonzogni, C. and Ganssen, G.: Sea surface temperature and 900 
productivity records for the past 240 kyr in the Arabian Sea, Deep Sea Res. Part II Top. Stud. 
Oceanogr., 44(6–7), 1461–1480, doi:10.1016/S0967-0645(97)00008-8, 1997. 
Saji, N. H., Goswami, B. N., Vinayachandran, P. N. and Yamagata, T.: A dipole mode in the tropical 
Indian Ocean, Nature, 401(6751), 360–363, doi:10.1038/43854, 1999. 
Saraswat, R., Lea, D. W., Nigam, R., Mackensen, A. and Naik, D. K.: Deglaciation in the tropical 905 
Indian Ocean driven by interplay between the regional monsoon and global teleconnections., 2013. 
Schulte, S. and Müller, P.: Variations of sea surface temperature and primary productivity during 
Heinrich and Dansgaard-Oeschger events in the northeastern Arabian Sea, Geo-Marine Lett., 21(3), 
168–175, doi:10.1007/s003670100080, 2001. 
Shi, Z., Xie, X., Li, X., Yang, L., Xie, X., Lei, J., Sha, Y. and Liu, X.: Snow-darkening versus direct 910 
radiative effects of mineral dust aerosol on the Indian summer monsoon onset: role of temperature 
change over dust sources, Atmos. Chem. Phys., 19(3), 1605–1622, doi:10.5194/acp-19-1605-2019, 
2019. 
Sonzogni, C., Bard, E. and Rostek, F.: Tropical sea-surface temperatures during the last glacial period: 
A view based on alkenones in Indian Ocean sediments, Quat. Sci. Rev., 17(12), 1185–1201, 915 
doi:10.1016/S0277-3791(97)00099-1, 1998. 
Sterl, A., Bintanja, R., Brodeau, L., Gleeson, E., Koenigk, T., Schmith, T., Semmler, T., Severijns, C., 
Wyser, K. and Yang, S.: A look at the ocean in the EC-Earth climate model, Clim. Dyn., 39(11), 2631–
2657, doi:10.1007/s00382-011-1239-2, 2012. 
Sukumar, R., Ramesh, R., Pant, R. K. and Rajagopalan, G.: A δ13C record of late Quaternary climate 920 
change from tropical peats in southern India, Nature, 364(6439), 703–706, doi:10.1038/364703a0, 
1993. 
Sun, W., Wang, B., Zhang, Q., Pausata, F. S. R., Chen, D., Lu, G., Yan, M., Ning, L. and Liu, J.: 
Northern Hemisphere Land Monsoon Precipitation Increased by the Green Sahara During Middle 
Holocene, Geophys. Res. Lett., 46(16), 9870–9879, doi:10.1029/2019GL082116, 2019. 925 

Swann, A. L. S., Fung, I. Y. and Chiang, J. C. H.: Mid-latitude afforestation shifts general circulation 
and tropical precipitation., Proc. Natl. Acad. Sci. U. S. A., 109(3), 712–6, 
doi:10.1073/pnas.1116706108, 2012. 
Swann, A. L. S., Fung, I. Y., Liu, Y. and Chiang, J. C. H.: Remote Vegetation Feedbacks and the Mid-
Holocene Green Sahara, J. Clim., 27(13), 4857–4870, doi:10.1175/JCLI-D-13-00690.1, 2014. 930 



39 
 

Swapna, P., Krishnan, R., Sandeep, N., Prajeesh, A. G., Ayantika, D. C., Manmeet, S. and Vellore, R.: 
Long-Term Climate Simulations Using the IITM Earth System Model (IITM-ESMv2) With Focus on 
the South Asian Monsoon, J. Adv. Model. Earth Syst., 10(5), 1127–1149, doi:10.1029/2017MS001262, 
2018. 
Tarasov, P. E., Webb III, T., Andreev, A. A., Afanas’eva, N. B., Berezina, N. A., Bezusko, L. G., 935 
Blyakharchuk, T. A., Bolikhovskaya, N. S., Cheddadi, R., Chernavskaya, M. M., Chernova, G. M., 
Dorofeyuk, N. I., Dirksen, V. G., Elina, G. A., Filimonova, L. V., Glebov, F. Z., Guiot, J., Gunova, V. 
S., Harrison, S. P., Jolly, D., Khomutova, V. I., Kvavadze, E. V., Osipova, I. M., Panova, N. K., 
Prentice, I. C., Saarse, L., Sevastyanov, D. V., Volkova, V. S. and Zernitskaya, V. P.: Present‐day and 
mid‐Holocene biomes reconstructed from pollen and plant macrofossil data from the former Soviet 940 
Union and Mongolia, J. Biogeogr., 25(6), 1029–1053, doi:10.1046/j.1365-2699.1998.00236.x, 1998. 
Taylor, K. E., Stouffer, R. J. and Meehl, G. A.: A Summary of the CMIP5 Experiment Design, [online] 
Available from: http://cmip-pcmdi.llnl.gov/cmip5/docs/Taylor_CMIP5_design.pdf (Accessed 9 
December 2014), 2009. 
Taylor, K. E., Stouffer, R. J. and Meehl, G. A.: An Overview of CMIP5 and the Experiment Design, 945 
Bull. Am. Meteorol. Soc., 93(4), 485–498, doi:10.1175/BAMS-D-11-00094.1, 2012. 
Tegen, I., Hollrig, P., Chin, M., Fung, I., Jacob, D. and Penner, J.: Contribution of different aerosol 
species to the global aerosol extinction optical thickness: Estimates from model results, J. Geophys. 
Res., 102(D20), 23895, doi:10.1029/97JD01864, 1997. 
Texier, D., de Noblet, N. and Braconnot, P.: Sensitivity of the African and Asian Monsoons to Mid-950 
Holocene Insolation and Data-Inferred Surface Changes, J. Clim., 13(1), 164–181, doi:10.1175/1520-
0442(2000)013<0164:SOTAAA>2.0.CO;2, 2000. 
Thompson, A. J., Skinner, C. B., Poulsen, C. J. and Zhu, J.: Modulation of Mid‐Holocene African 
Rainfall by Dust Aerosol Direct and Indirect Effects, Geophys. Res. Lett., 46(7), 3917–3926, 
doi:10.1029/2018GL081225, 2019. 955 

Thompson, L. G., Yao, T., Davis, M. E., Henderson, K. A., Mosley-Thompson, E., Lin, P. N., Beer, J., 
Synal, H. A., Cole-Dai, J. and Bolzan, J. F.: Tropical climate instability: The last glacial cycle from a 
Qinghai- Tibetan ice core, Science (80-. )., 276(5320), 1821–1825, doi:10.1126/science.276.5320.1821, 
1997. 
Tierney, J. E., Pausata, F. S. R. and De Menocal, P. B.: Rainfall regimes of the Green Sahara, Sci. Adv., 960 
3(1), doi:10.1126/sciadv.1601503, 2017. 
Timmermann, A., Sachs, J. and Timm, O. E.: Assessing divergent SST behavior during the last 21 ka 
derived from alkenones and G. ruber -Mg/Ca in the equatorial Pacific, Paleoceanography, 29(6), 680–
696, doi:10.1002/2013PA002598, 2014. 
Wang, Y., Shen, J., Wang, Y., Liu, X., Cao, X. and Herzschuh, U.: Abrupt mid-Holocene decline in the 965 
Indian Summer Monsoon caused by tropical Indian Ocean cooling, Clim. Dyn., 55(7–8), 1961–1977, 
doi:10.1007/s00382-020-05363-7, 2020. 
Webster, P. J., Magaña, V. O., Palmer, T. N., Shukla, J., Tomas, R. a., Yanai, M. and Yasunari, T.: 



40 
 

Monsoons: Processes, predictability, and the prospects for prediction, J. Geophys. Res., 103(C7), 
14451, doi:10.1029/97JC02719, 1998. 970 

Webster, P. J., Moore, A. M., Loschnigg, J. P. and Leben, R. R.: Coupled ocean–atmosphere dynamics 
in the Indian Ocean during 1997–98, Nature, 401(6751), 356–360, doi:10.1038/43848, 1999. 
Yepes-Arbós, X., Acosta, M. C., Serradell, K., Mula-Valls, O. and Doblas-Reyes, F. J.: SCALABILITY 
AND PERFORMANCE ANALYSIS OF EC-EARTH 3.2.0 USING A NEW METRIC APPROACH 
(PART I)., 2016. 975 

Zhang, W., Ming, Q., Shi, Z., Chen, G., Niu, J., Lei, G., Chang, F. and Zhang, H.: Lake Sediment 
Records on Climate Change and Human Activities in the Xingyun Lake Catchment, SW China, edited 
by N. K. Kumaran, PLoS One, 9(7), e102167, doi:10.1371/journal.pone.0102167, 2014. 
Zhao, Y. and Harrison, S. P.: Mid-Holocene monsoons: a multi-model analysis of the inter-hemispheric 
differences in the responses to orbital forcing and ocean feedbacks, Clim. Dyn., 39(6), 1457–1487, 980 
doi:10.1007/s00382-011-1193-z, 2012. 
  



41 
 

Figures 

 
Figure 1. (a) Climatological summer (JJAS, June to September) precipitation (PRECT, mm/day); (b) 985 

surface temperature (TS, °C); (c) evaporation (EVAP, mm/day); and (d) sea level pressure (shadings, 

SLP, hPa) and 925-hPa wind (arrows, W925, m/s) for the pre-industrial (PI) experiment. The contour 

lines follow the colorbar scale.  
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 990 

Figure 2. Changes in summer (JJAS, June to September) precipitation (PRECT; mm/day) for the (a) 

middle Holocene only orbital forcing (MHPMIP); (b) the Sahara greening (MHGS); (c) the only dust 

reduction (MHRD); and (d) the Sahara greening and dust reduction (MHGS+RD) experiments relative to 

the pre-industrial (PI) reference simulation. The contour lines follow the colorbar scale (the 0 lines is 

omitted for clarity). Only differences significant at the 95% confidence level using the Student t test are 995 

shaded.  
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Figure 3. Changes in climatological seasonal cycle of zonal precipitation (PRECT; mm/day) between 

65° and 95°E for (a) the middle Holocene only orbital forcing (MHPMIP); (b) the Sahara greening 

(MHGS); (c) the only dust reduction (MHRD); and (d) the Sahara greening and dust reduction (MHGS+RD) 1000 

experiments relative to the pre-industrial (PI) reference simulation. The contour lines show the 

climatological zonal precipitation of the PI experiment (1 mm/day intervals). 
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Figure 4. Changes in summer (JJAS, June to September) surface temperature (TS; °C) for the (a) 1005 

middle Holocene only orbital forcing (MHPMIP); (b) the Sahara greening (MHGS); (c) the only dust 

reduction (MHRD); and (d) the Sahara greening and dust reduction (MHGS+RD) experiments relative to 

the pre-industrial (PI) reference simulation. The contour lines follow the colorbar scale (the 0 lines are 

omitted for clarity). Only differences significant at the 95% confidence level using the Student t test are 

shaded. 1010 
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Figure 5. Changes in summer (JJAS, June to September) top of the atmosphere shortwave radiation 

(RADTOP; W/m2) for the (a) middle Holocene only orbital forcing (MHPMIP); (b) the Sahara greening 

(MHGS); (c) the only dust reduction (MHRD); and (d) the Sahara greening and dust reduction (MHGS+RD) 

experiments relative to the pre-industrial (PI) reference simulation. The contour lines follow the 1015 

colorbar scale (the 0 lines are omitted for clarity). Only differences significant at the 95% confidence 

level using the Student t test are shaded. 
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Figure 6. Changes in summer (JJAS, June to September) evapotranspiration (EVAP; mm/day) for the 1020 

(a) middle Holocene only orbital forcing (MHPMIP); (b) the Sahara greening (MHGS); (c) the only dust 

reduction (MHRD); and (d) the Sahara greening and dust reduction (MHGS+RD) experiments relative to 

the pre-industrial (PI) reference simulation. The contour lines follow the colorbar scale (the 0 lines are 

omitted for clarity). Only differences significant at the 95% confidence level using the Student t test are 

shaded.   1025 
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Figure 7. Changes in summer (JJAS, June to September) sea level pressure (shadings, SLP; hPa) and 

925-hPa wind (arrows, W925; m/s) for the (a) middle Holocene only orbital forcing (MHPMIP); (b) the 

Sahara greening (MHGS); (c) the only dust reduction (MHRD); and (d) the Sahara greening and dust 1030 

reduction (MHGS+RD) experiments relative to the pre-industrial (PI) reference simulation. The contour 

lines follow the colorbar scale (the 0 lines are omitted for clarity). Only SLP differences significant at 

the 95% confidence level using the Student t test are shaded. 
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 1035 

Figure 8. Changes in summer (JJAS, June to September) vertically integrated (from 1000 to 300 hPa) 

horizontal moisture flux (VIMF; kg•m/s) for the (a) middle Holocene only orbital forcing (MHPMIP); (b) 

the Sahara greening (MHGS); (c) the only dust reduction (MHRD); and (d) the Sahara greening and dust 

reduction (MHGS+RD) experiments relative to the pre-industrial (PI) reference simulation. The contour 

lines follow the colorbar scale (the 0 lines are omitted for clarity). The arrows represent the zonal and 1040 

meridional components of the moisture flux. Only differences significant at the 95% confidence level 

using the Student t test are shaded.   
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Figure 9. Changes in summer (JJAS, June to September) vertical pressure velocity at 500 hPa (ω500; 

Pa/s) for the (a) middle Holocene only orbital forcing (MHPMIP); (b) the Sahara greening (MHGS); (c) 1045 

the only dust reduction (MHRD); and (d) the Sahara greening and dust reduction (MHGS+RD) experiments 

relative to the pre-industrial (PI) reference simulation. The contour lines follow the colorbar scale (the 0 

lines are omitted for clarity). Only differences significant at the 95% confidence level using the Student 

t test are shaded.   
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 1050 

Figure 10. Changes in summer (JJAS, June to September) velocity potential (VelPot – shadings; 106 

m2/s) and divergence wind (DIV – arrows; m/s) at 200 hPa for the (a) middle Holocene only orbital 

forcing (MHPMIP); (b) the Sahara greening (MHGS); (c) the only dust reduction (MHRD); and (d) the 

Sahara greening and dust reduction (MHGS+RD) experiments relative to the pre-industrial (PI) reference 

simulation. The contour lines show the climatological summer velocity potential of the PI experiment. 1055 

Only differences significant at the 95% confidence level using the Student t test are shaded.   
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Figure 11. Scatter plot of summer (JJAS, June to September) changes between (a) latent heat flux over 

the Bay of Bengal (BoB, 10°–20°N; 85°–95°E, W/m2) and precipitation over west equatorial Indian 

ocean (WEIO, 5°S to 5°N; 50°–65°E, mm/day), and northeastern Africa (NEA, 10°–20°N; 30°–45°E), 1065 

between (b) precipitation and latent heat flux over the BoB, and between (c) precipitation over the BoB 

and over WEIO+NEA. Changes are shown for the middle Holocene orbital forcing only (MHPMIP) in 

red, the Sahara greening (MHGS) in green, dust reduction only (MHRD) in yellow, and the Sahara 

greening with dust reduction (MHGS+RD) in blue with respect to the pre-industrial (PI) reference 

simulation.  1070 
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 1075 

Figure 11. Changes in summer (JJAS, June to September) zonal wind at 200 hPa (U200; m/s) for the 

(a) middle Holocene only orbital forcing (MHPMIP); (b) the Sahara greening (MHGS); (c) the only dust 

reduction (MHRD); and (d) the Sahara greening and dust reduction (MHGS+RD) experiments relative to 

the pre-industrial (PI) reference simulation. The contour lines show the climatological summer zonal 

wind at 200 hPa for the PI experiment. Only differences significant at the 95% confidence level using 1080 

the Student t test are shaded.   
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Table 1: Boundary conditions for all MH experiments. 

Simulation 
Orbital forcing 

years BP GHGs 
Saharan 

vegetation 
Saharan 

dust 
MHPMIP 6000 MH desert PI 
MHGS 6000 MH shrub PI 
MHRD 6000 MH desert Reduced 

MHGS+RD 6000 MH shrub Reduced 
 

 1095 

Table 2: Albedo and leaf area index (LAI) for desert, evergreen shrub and the domain over which the 
vegetation changes are applied in each set-up. 
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Vegetation type Albedo LAI Domain 

PS Mainly Desert 0.30 0.18 11°–33°N 15°W–35°E 

GS Evergreen Shrub 0.15 2.6 11°–33°N 15°W–35°E 


