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Tropical monsoons are crucial atmospheric phenomena that impact more than 
two-thirds of the global population. Numerous previous studies have investigated 
changes in tropical circulation under climate change for individual ocean basins. In 
this review, we synthesize the robust changes in tropical atmospheric circulations 
and precipitation under a warming climate using CMIP6 data for illustration. Sea 
surface temperature, precipitation, and cloud cover are enhanced over the central 
and eastern Pacific, similar to El-Niño. In the Indian Ocean basin, the sea surface 
warming pattern is similar to the positive Indian Ocean Dipole phase, with low-
level easterly anomalies in the central tropical Indian Ocean, which diverge into 
two anticyclones off the east coast of Africa. In the Atlantic, a larger increase in 
sea surface temperature is simulated along the eastern equatorial Atlantic, like an 
east Atlantic El-Niño condition. An increase in summer monsoon precipitation 
over South Asia and a decrease over North and South America, the Maritime 
continent, and Southern Africa are simulated. In the Northern African monsoon 
region, an east–west asymmetry is projected with a decrease in rainfall in the west 
and an increase in the east. The interconnection between the identified robust 
changes in circulation and precipitation over the three oceanic basins under a 
warming climate has been explored via earlier studies and model simulations. This 
review provides a holistic picture of regional tropical circulation and precipitation 
changes under a warming climate.
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1 Introduction

Tropical monsoons are a crucial atmospheric phenomenon for not just the tropics but also 
extratropical and polar regions (Yuan et al., 2018). This seasonal phenomenon provides 
copious rainfall and supports large economies like India (Prasanna, 2014). Climate warming 
in recent years has contributed to unprecedented changes locally and globally (e.g., an increase 
in the probability and intensity of extreme climate events (Diffenbaugh et al., 2017), rapid 
retreat and loss of ice volumes (Hock and Huss, 2021), and local extinctions (Panetta et al., 
2024) etc.). The influence of warming on tropical monsoons (Dong et al., 2024; He et al., 2020; 
Pendergrass, 2020; Supari et al., 2019; Xie et al., 2010) has been investigated in observations 
and climate models (Fan and Dommenget, 2024; Jia et al., 2024; Katzenberger et al., 2021; 
Norris et al., 2022; Thomas et al., 2022).

The IPCC assessment reports AR5 and AR6 show an increase in global monsoon 
precipitation and a weakening of global monsoon circulation under a warming climate 
(Christensen et al., 2013; Douville et al., 2021). However, a contrasting east–west asymmetry 
is projected for the summer monsoon precipitation, with an increase in the Asian-African 
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monsoon and a decrease in the North and South American monsoon 
(Douville et al., 2021). Under the RCP4.5 scenario, a decrease in 
monsoon precipitation is projected over the western Sahel, and an 
increase in precipitation is projected in the central-eastern Sahel 
(Monerie et al., 2012). Over the Indian subcontinent, a long-term 
increase in monsoon precipitation is attributed with high confidence 
to the increase in available moisture, while the aerosol forcing 
overcomes near-term increases due to greenhouse gases (Doblas-
Reyes et al., 2023). However, there is a large uncertainty in both the 
magnitude and direction of change in monsoon precipitation between 
model outputs regarding the future of the Australian monsoon 
(Narsey et al., 2020).

Apart from the projection of an increase in the global monsoon 
precipitation, modeling studies (Kjellsson, 2015; Tokinaga et al., 2012; 
Vecchi et al., 2006) have also projected a decrease in the strength of 
tropical atmospheric circulation due to greenhouse gas forcings. 
According to the Clausius-Clapeyron relationship, lower tropospheric 
water vapor concentration increases by around 7% per degree of 
global warming, while the rate of global mean precipitation increase 
is only around 2% (Kjellsson, 2015). It has been, therefore, suggested 
that the difference between the rate of moistening of the large-scale 
atmosphere and the rate of precipitation is associated with a decrease 
in atmospheric overturning circulation under a warming climate 
(Vecchi et al., 2006). Modeling studies using the emission scenario 
A1B have found that the precipitation anomalies under a warming 
climate in the tropics are positively correlated to spatial anomalies of 
sea surface temperature, and attributed it to equatorial wave 
adjustments that lead to uniform upper atmospheric warming (Xie et 
al., 2010).

Under global warming, a seasonal phase delay and amplitude 
change in the atmospheric circulation and precipitation are found 
over tropical land and ocean (Biasutti and Sobel, 2009; Song et al., 
2021; Chou et al., 2007; Huang et al., 2013). Due to the enhanced 
atmospheric effective heat capacity and increased convective barrier, 
the seasonal phase delay is more evident over tropical land (Song et 
al., 2018, 2020, 2023), while the amplitude enhancement is more 
evident over the ocean due to the presence of abundant water vapor 
(Song et al., 2023). Lv et al. (2024) found that among the tropical 
monsoon regions, phase changes in the annual rainfall cycle are 
predominant over South America, North and South Africa, while 
North American, South Asia, East Asia, and Australian monsoon 
regions are dominated by amplitude changes. Many studies have 
investigated the phase delay and enhanced amplitude of monsoon 
precipitation over the tropics in recent years, and CMIP6 models 
project further seasonal delays (4.2%/C) and amplifications (7.2–
17.6%) in the future that can have far-reaching impacts (Song et al., 
2021, 2025; Wang et al., 2024).

Studies using climate models have projected enhanced weakening 
in the zonally asymmetric part of the tropical circulation, the Walker 
circulation, more than the zonally symmetric part, the Hadley 
circulation (Vecchi and Soden, 2007). A recent study (Shrestha and 
Soden, 2023) has also simulated a decrease in tropical circulation 
under a warming climate in the satellite era; however, other studies 
(L’Heureux et al., 2013; Toda et al., 2024) found a strengthening of 
Walker circulation in observations during recent times. Using multiple 
model experiments, a recent study (Watanabe et al., 2023) found that 
the recent strengthening of Walker circulation is linked to the SST 
trend patterns observed in recent decades (with western tropical 

Pacific warming faster than the eastern tropical Pacific), which is 
similar to the negative phase of Interdecadal Pacific Oscillations. 
However, a weakening of Walker circulation is projected under global 
warming as the pattern of SST warming in the tropical Pacific is 
projected to be opposite to the recent historical changes. Another 
study (Fan and Dommenget, 2024) also found a weakening of tropical 
circulation under a warming climate and used a diagnostic model to 
attribute it to the lifting of the tropical tropopause height.

Over the Pacific, most climate models simulate a sea surface 
temperature anomaly pattern that is similar to the El-Niño pattern 
under a warming climate (Cai et al., 2021; Thirumalai et al., 2024; 
Wang et al., 2017). Further, when CO2 concentration reaches 700 ppm, 
the frequency of central Pacific El-Niño events is projected to increase 
by about five times compared to Eastern Pacific El-Niño events and is 
attributed to the flattening of the thermocline in the equatorial Pacific 
(Yeh et al., 2009). The upward branch of the Pacific Walker circulation 
connects the zonal circulations over the Pacific Ocean and the Indian 
Ocean (Cai et al., 2019). The weakened Pacific Walker Circulation 
under El-Niño conditions is also associated with a descent anomaly 
over the tropical Atlantic, which can result in a low-level anticyclone 
over India and the northwest Pacific, suppressing monsoon circulation 
via teleconnections (Cai et al., 2019). A moist linear baroclinic model 
projects an ascent anomaly over the east and central Pacific and a 
descent anomaly over the Philippine Sea and east Indian Ocean in 
response to El-Niño forcing in the equatorial Pacific (Watanabe and 
Jin, 2003).

While there are numerous studies (Shrestha and Soden, 2023; 
Vecchi et al., 2006; Vecchi and Soden, 2007) on the tropical circulation 
changes over the tropical Pacific, papers on circulation changes over 
the tropical Indian Ocean are limited. Over the Indian subcontinent, 
a recent global climate model study simulated a weakening of 
monsoon circulation and enhanced monsoon precipitation under the 
RCP8.5 scenario (Thomas et al., 2023). The analysis performed in the 
study (Thomas et al., 2023) also showed a decrease in precipitation in 
the tropical eastern Indian Ocean and a pair of anticyclones in the 
tropical western Indian Ocean straddling the equator in association 
with the weakening of the Indian monsoon circulation. A similar 
decrease in precipitation in the eastern tropical Indian Ocean and a 
pair of anticyclones in the western tropical Indian Ocean were also 
simulated in an earlier climate modeling study for a quadrupling of 
CO2 (Stowasser et al., 2009). The negative precipitation anomaly over 
the eastern tropical Indian Ocean was attributed to a descent anomaly 
over the same region. These two studies identified a pattern of SST 
changes over the Indian Ocean basin that is similar to positive-Indian 
Ocean Dipole (p-IOD) and hence implied a weakening of the Indian 
Ocean Walker circulation. Recent studies (Sharma et al., 2022, 2023) 
have confirmed this weakening of the Indian Ocean Walker 
Circulation under a warming climate in CMIP5 and CMIP6 multi-
model analysis and attributed it mostly to a positive-Indian Ocean 
Dipole (p-IOD) pattern of SST changes under climate warming. They 
also identified an anomalous local Hadley Circulation in the 
September–November season with rising motion over West Asia and 
sinking motion over the southeastern equatorial Indian Ocean 
(Sharma et al., 2022). It is interesting to note that no study has 
examined the robust link between the changes in the tropical Pacific 
Ocean and the circulation and precipitation changes identified in 
previous studies (Sharma et al., 2022, 2023; Stowasser et al., 2009; 
Thomas et al., 2023).
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To summarize, several previous studies have identified 
individually an El-Niño pattern of sea surface temperature and a 
weakening of the Pacific and Indian Ocean Walker circulations and 
other monsoon circulations under a warming climate (Cai et al., 2019, 
2021; Menon et al., 2013; Thomas et al., 2023; Wang et al., 2017; Yeh 
et al., 2009). Recent studies (Fan and Dommenget, 2024; Geng et al., 
2022; Li et al., 2023a) have also analyzed various aspects of tropical 
circulation patterns and teleconnections using CMIP6 data for 
individual ocean basins. However, a review that presents an integrated 
picture of the robust circulation changes in the entire tropics and 
associated tropical precipitation changes under a warming climate is 
lacking in the literature. Since monsoon circulations are an integral 
part of tropical circulations and monsoon precipitation affects more 
than two-thirds of the world’s population (Ha, 2019) and supports 
large economies (Prasanna, 2014), a synthesis of the potential future 
changes in tropical circulation and precipitation across the entire 
tropics under a warming climate is valuable. Here, using data from an 
ensemble of 30 global climate models that contributed to CMIP6, we 
illustrate the robustness of changes in tropical circulation and 
precipitation during the northern hemisphere summer monsoon 
period, and specifically the link between the circulation changes in the 
Pacific and Indian oceans under a warming climate, and discuss the 
mechanisms involved in the simulated changes. The changes in annual 
means and the southern hemisphere summer season are also 
briefly discussed.

In this review, we use the CMIP6 data to illustrate the robust 
changes in tropical monsoon circulation and precipitation under a 
warming climate. Earlier studies have used CMIP3/5/6 and single 
models (Christensen et al., 2013; Douville et al., 2021; Flynn and 
Mauritsen, 2020; Kim et al., 2025; Lee et al., 2023; Sharma et al., 2022, 
2023; Wyser, 2020) to understand and investigate tropical circulation 
and precipitation pattern changes. However, as discussed earlier, the 
novelty of this review is the documentation and synthesis of the robust 
circulation and precipitation changes across the entire tropics, and the 
illustration of these changes using CMIP6 data. The focus of this 
review is the robust changes in tropical circulation and precipitation 
during the summer monsoon seasons under a warming climate. 
Therefore, analyses are performed for the northern hemispheric 
summer monsoon season (June to September, JJAS) and the southern 
hemispheric summer monsoon season (November–February, NDJF). 
A similar documentation and synthesis of circulation changes in a 
warmer world for the extra-tropics can be found in a previous study 
(Shaw et al., 2024).

2 Data

To illustrate the robust changes in tropical circulations under a 
warming climate, two sets of CMIP6 simulations are used: 
pre-industrial control simulation (piControl) and abrupt-4xCO2 
simulation in which the concentration of CO2 in the atmosphere is 
abruptly increased by four times with respect to the piControl 
simulations. Variables from 30 global climate models of the CMIP6 
data are used (Details of the models are available in the 
Supplementary Table S1). The first realization (r1i1p1f1) from the 
ensemble of these two experiments for each of the climate models is 
used, and means are calculated over the last 100 years of the piControl 
experiments and over 131–150 years for the abrupt-4xCO2 

experiments. Since the focus of the review is the northern hemisphere 
summer monsoon period (JJAS), mean surface temperature, 
precipitation, zonal, meridional, vertical winds, specific humidity, and 
percentage of cloud cover are used. The analyses are performed for the 
months JJAS (the summer monsoon season for the South Asian 
monsoon region), to provide uniformity in our review among all the 
tropical regions. For the sake of completeness and to assess the 
temporal robustness of the tropical circulation changes, precipitation, 
and vertical motion are also illustrated for annual means and the 
southern hemispheric summer (NDJF) season.

Through a rigorous performance analysis, Lee et al. (2024) have 
found that CMIP6 models outperform their earlier versions in 
representing global and regional climatologies, variabilities, and 
feedbacks. However, systematic model biases still exist among the 
CMIP6 models, e.g., high climate sensitivity (Zelinka et al., 2020), 
presence of double ITCZ (Tian and Dong, 2020), etc. For instance, 
Zhou and Xie (2015) have found that the global warming-induced 
Walker circulation slowdown is weakly biased in the projection using 
coupled model climatology. However, the biases in the piControl 
simulations should be present in the 4xCO2 simulations as well. As we 
analyze only the climate change anomalies throughout this paper, 
these biases are assumed to get subtracted out. Further, the robustness 
of the simulated changes among the models gives confidence in 
our analysis.

The climate system has almost reached a steady state in the 
piControl and abrupt-4xCO2 simulations during the periods specified 
in the previous paragraph (Supplementary Figures S1-S4). Averaging 
is performed over these periods. The variables are regridded to the 
coarsest model output grid resolution (2.767°x 2.812°) and are 
averaged with equal weights to obtain the multi-model ensemble 
means. The effects of climate change on the variables are calculated by 
subtracting the multimodel ensemble means of the piControl 
experiment from the abrupt-4xCO2 experiment. Following Chapter 4 
of the IPCC WG1 report (Lee et al., 2023), changes are considered to 
be significant and robust if at least two-thirds of the models project a 
change larger than interannual variability and at least 80% of the 
models agree on the sign of this change.

3 Changes under a warming climate 
during the monsoon period

3.1 Global changes

Using CMIP5 models, the IPCC assessment report AR5 projected 
that by the end of the century under the RCP8.5 scenario, the global 
mean surface air temperature could increase by 2.6–4.8 °C, and using 
CMIP6 data, the assessment report AR6 projected that under SSP5-8.5 
scenario, the global mean surface air temperature could increase by 
2.7–5.7 °C (Lee et al., 2023). A larger climate sensitivity is found in 
CMIP6 data compared to CMIP5 models (Flynn and Mauritsen, 2020; 
Wyser, 2020). In the abrupt-4xCO2 experiment, all the 30 models in 
CMIP6 simulate an increase in the mean annual surface temperature 
(Supplementary Figure S1). Individually, 12 models simulate a 4–5 °C 
increase in the annual mean surface temperature compared to the 
piControl simulation, 7 models simulate an increase of 5–6 °C, and 6 
models simulate an increase of 7–8 °C (Supplementary Figure S2). The 
multi-model mean increase in global surface temperature across the 
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30 CMIP6 climate models (Supplementary Table S1) used in this 
review is approximately 5.4 °C ± 1.1 °C (Here, uncertainty in the 
estimate of multi-model mean surface temperature is determined 
as ± one standard deviation of the values from the 30 models). Over 
the equatorial Pacific (9.7S-9.7N, 120E - 60 W) and Indian Ocean 
(9.7S-9.7N, 5E -120E), almost half of the 30 CMIP6 models simulate 
an increase in surface temperature of 3–4 °C with a multimodel mean 
of 4.4 °C ± 1.0 °C and 4.2 °C ± 0.9 °C (Supplementary Figures S2b,c), 
respectively. The large climate sensitivity simulated in CMIP6 models 
is attributed to stronger positive cloud feedback (Zelinka et al., 2020).

Similar to the global mean surface temperature, the IPCC 
assessment report AR5 projected that under the RCP8.5 scenario, the 
global mean precipitation could increase by 5%, and using CMIP6 
data, the assessment report AR6 projected that under the SSP5-8.5 
scenario, the global mean precipitation could increase by 0.9–12.9% 
(Lee et al., 2023). All 30 models in the abrupt-4xCO2 experiment 
simulate an increase in global and annual mean precipitation 
(Supplementary Figure S3). Around 9 models simulate a 6–8% 
increase in global mean annual precipitation, while 6 models simulate 
around 8–10% and 6 models simulate around 10–12% increase under 
a quadrupled CO2 scenario (Supplementary Figure S4a).

Hydrologic sensitivity is defined as the linear change in global 
mean precipitation with respect to change in global mean temperature 
and is estimated as the slope of global mean precipitation response to 
surface temperature change, without considering the rapid 
adjustments due to forcing agents (Douville et al., 2021; Fläschner et 
al., 2016; Pendergrass, 2020). The definition of apparent hydrological 
sensitivity includes the influence of fast adjustments and is found to 
be lower than hydrologic sensitivity because rapid adjustments cause 
a reduction in precipitation for CO2 radiative forcing (Bala et al., 2010; 
Douville et al., 2021; Fläschner et al., 2016; Pendergrass, 2020). Out of 
the 30 CMIP6 models, 28 models simulate a hydrologic sensitivity of 
1.5–3% and an apparent hydrological sensitivity (Modak et al., 2018; 
Pendergrass, 2020; Samset et al., 2016) of 1–2% per degree of global 
mean surface temperature change (Supplementary Figures S4b,c). The 
average hydrologic and apparent hydrologic sensitivity among the 30 
CMIP6 models is 2.6 ± 0.3%/°C and 1.6 ± 0.3%/°C, respectively. This 
is comparable to the hydrologic sensitivities of 2.5%/°C as assessed by 
an earlier study (Pendergrass, 2020) and 1.7 ± 0.6%/°C in an analysis 
with 22 CMIP5/CMIP6 models by another study (Douville et 
al., 2021).

The IPCC assessment report AR6 found that the largest increase 
in mean surface temperature under the SSP5-8.5 scenario is in the 
Arctic by about 10 °C, and a 3.5 °C increase occurs in the tropics by 
the end of the century (Lee et al., 2023). In the tropics spanning 20°S 
- 20°N, abrupt-4xCO2 simulations from all 30 CMIP6 models used in 
this review simulate an increase in the average annual surface 
temperature in the range of 3–7 °C. The multi-model change in 
average annual surface temperature over the tropics is 4.5 °C ± 0.95 °C, 
which is less than the global change, indicating a larger warming in 
the higher latitudes (Fan and Dommenget, 2024). Here, uncertainty 
in the estimate of the multi-model means surface temperature is 
determined as ± one standard deviation of the values for all 30 models. 
The annual average precipitation over the tropics increases in the 
range of 2–14% among all the 30 CMIP6 models, with a multi-model 
mean of 6.8 ± 2.6%. The apparent hydrologic sensitivity among the 
models over the tropics ranges from 0.5–2.5%/°C, with a multi-model 
mean of 1.5%/°C (Supplementary Figure S5). Thus, the annual average 

precipitation changes and the apparent hydrologic sensitivity in the 
tropics are comparable to global averages. A recent study found that 
tropical hydrologic sensitivity is mostly influenced by the warming 
patterns in the Pacific (Norris et al., 2022).

The weakening of circulation over the tropics can be estimated 
directly from the changes in convective mass fluxes (Held and Soden, 
2006). However, CMIP6 simulations do not output this variable. 
Hence, we have used the difference between the apparent hydrological 
sensitivity and rate of change in precipitable water with warming as a 
proxy to infer the weakening of tropical circulation. Out of the 30 
CMIP6 models considered here, the data for vertically integrated 
atmospheric water vapor was available only for 23 models. For these 
23 models, the percentage change in vertically integrated atmospheric 
water vapor (precipitable water) over the tropics increases by 30–70% 
with a multi-model mean of 42 ± 10%. For these models, the increase 
in precipitable water in the tropics per unit increase in global mean 
surface temperature is around 9.15%/°C (Supplementary Figure S5). 
The smaller apparent hydrological sensitivity compared to the rate of 
precipitable water change with warming in the tropics is an indication 
of the decrease in convective mass fluxes associated with a weakening 
of tropical circulation (Held and Soden, 2006). We could not directly 
estimate the weakening of circulation from the vertical motion at 
500 hPa, because the changes in tropical large-scale upward motion 
would be nearly balanced by changes in the tropical large-scale 
downward motion. Various climatological indices are calculated for 
both the global and tropical domains to present a quantitative 
comparison of the changes in the tropics to the global mean changes.

3.2 Changes over the tropical Pacific 
Ocean

Numerous studies (Cai et al., 2021, 2022; Power et al., 2013; 
Stowasser et al., 2009; Wang et al., 2017; Shin et al., 2022) have 
simulated a larger change in sea surface temperature in the eastern 
Pacific relative to the western Pacific under a warming climate. This 
pattern resembles the El-Niño phase of the dominant interannual 
variability in the tropical Pacific (Ying et al., 2024; Wang et al., 2020). 
The spatial pattern of changes in the multi-model average of summer 
(June–September) precipitation is shown in Figure 1a. A similar 
pattern of change in sea surface temperature has been identified 
among the models (Figure 1a). In association with this pattern of 
warming, an increase in precipitation is also projected for the central 
and eastern tropical Pacific (Figure 1a), which is similar to the Central 
Pacific El-Niño event (Yeh et al., 2009; Shin et al., 2022).

In the tropics, the upper levels warm more than the lower levels, 
as the tropical atmosphere is governed by moist adiabatic convection 
(Manabe and Smagorinsky, 1967; Ma et al., 2012; Intergovernmental 
Panel on Climate Change (IPCC), 2023). This leads to an increase in 
the vertical stability of the atmosphere and a weakening of 
atmospheric circulation under a warming climate (Figure 1c). Recent 
multi-model studies (Huang et al., 2017; Jia et al., 2024; Lee et al., 
2023) have also found a similar increase in vertical stability of the 
tropical atmosphere under a warming climate. The largest increase in 
vertical atmospheric stability is simulated over the tropical west 
Pacific and east Indian Ocean (Figure 1c), which is also consistent 
with a decrease in precipitation over these regions (Figure 1a). The 
larger increase in stability over the west Pacific is attributed to a 
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smaller increase of low-level air temperature in the Western tropical 
Pacific compared to the Eastern tropical Pacific under a warming 
climate (Supplementary Figure S6a). Xie et al. (2010) have found that 
under a warming climate, the upper tropospheric warming is nearly 
uniform over the tropics, leading to the in-situ sea surface 
temperature patterns governing the vertical stability of the tropical 
atmosphere. The east–west asymmetry of temperature change in the 
lower levels of the atmosphere in the tropical Pacific 
(Supplementary Figure S6b) is also consistent with the east–west 
asymmetry of the SST pattern (Figure 1b). The in-situ SST pattern 
over the equatorial Pacific is suggested as the major contributor to 
changes in circulation patterns in recent years (Chadwick et al., 2014; 
Watanabe et al., 2023). Strong westerly anomalies are simulated in the 
low levels (850 hPa) along the western and central tropical Pacific, 
while strong easterly anomalies are simulated along the eastern 
tropical Pacific, slightly north of the equator (Figure 2a). According 
to another study (Xie et al., 2010), the low-level westerly anomalies 
deepen the thermocline and dampen the upwelling along the east 

coast, and together with zonal advection lead to an increase in SST 
over the Eastern tropical Pacific.

A larger increase in the vertical stability of the atmosphere 
along the tropical western Pacific and eastern Indian Ocean 
(Figure 1b) is also reflected as a descent anomaly in these same 
regions (Figure 3a; Supplementary Figure S7a). The longitude-
height plot of change in vertical velocity averaged along the tropics 
(10°S-10°N, Figure 3a) shows two large cells of opposite directions 
adjacent to each other. Under a warming climate, a descent anomaly 
occurs along the western tropical Pacific and the eastern Indian 
Ocean, while an ascent anomaly is found along the tropical central 
and eastern Pacific Ocean (Figure 3a; Supplementary Figure S7a). 
In association with an implied low-level divergence over the tropical 
west Pacific, strong low-level westerly anomalies emanate from the 
tropical western Pacific and flow toward tropical central and east 
Pacific (Figure 2a) leading to a relatively larger increase in sea 
surface temperature over the central and eastern tropical Pacific 
Ocean similar to that of El-Niño (Figure 1B). The ascent anomaly 

FIGURE 1

Multi-model ensemble mean JJAS change in (a) precipitation, (b) sea surface temperature, and (c) change in temperature difference between 200 hPa 
and 850 hPa levels between the abrupt-4xCO2 and piControl CMIP6 simulations. Means are calculated over the last 100 years of the piControl and 
over 131–150 years of the abrupt-4xCO2 experiments and averaged over the 30 climate models participating in CMIP6 (Supplementary Table S1). The 
hatching represents regions of robust significant changes (colour), no change or no robust significant changes (black hatching), and conflicting signals 
(pink hatching). Significance analysis is performed following Chapter 4, IPCC WG1 report (Lee et al., 2023).
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(Figure 3A; Supplementary Figure S7a) over the tropical central and 
eastern Pacific leads to an increase in cloud cover at all levels 
(Figure 3b) and an increase in precipitation (Figure 1a). The ascent 
anomaly over the eastern and central tropical Pacific and the 
descent anomaly over the tropical western Pacific and eastern 
Indian Ocean (Figures 3a; Supplementary Figure S7a) indicate the 
weakening of the zonal circulation over the tropics, the Pacific 
Walker circulation.

A recent study (Watanabe et al., 2023) define the Pacific Walker 
circulation index as the equatorial (5°S-5°N) sea level pressure 
difference between the central-east Pacific region (160°W-80°W) and 
the west Pacific and east Indian Ocean region (80°E-160°E). The 
Pacific Walker circulation index on average decreases by 0.18 ± 0.1 hPa 
(−9.5 ± 6.2%) per oC of warming during the northern hemisphere 
summer among the CMIP6 models (Supplementary Figure S8). Here, 
uncertainty in the estimate of the multi-model Walker circulation 
index and its percentage change is determined as ± one standard 
deviation of the values from the 30 models. Though the median (or 
robust) response is a weakening, one model (the IITM model, Swapna 
Panickal-personal communication) simulates a strengthening of the 
Walker Circulation in a warmer climate, and investigating the 
underlying mechanism responsible for this behavior is beyond the 
scope of this review. The longitudinal profile of vertical velocity at 
500 hPa also shows a descent anomaly over the west tropical Pacific 
and an ascent anomaly over the east tropical Pacific in a warmer 
climate (Supplementary Figure S11b), indicating a weakening of the 
Walker circulation. A schematic representation of the mechanisms 
associated with the Walker circulation weakening is shown in Figure 4. 
Thus, there are many similarities in the atmospheric circulation and 

SST anomalies in the Pacific Ocean between the El-Niño phase of 
tropical Pacific interannual variability (ENSO) and a warmer world.

3.3 Changes over the tropical Indian Ocean

In the tropical Indian Ocean, many studies (Sharma et al., 2022, 
2023; Stowasser et al., 2009; Thomas et al., 2023; Yeh et al., 2009) found 
the increase in sea surface temperature to be larger over the west 
compared to the east which bears some resemblance to a positive 
Indian Ocean Dipole pattern (Figure 1b). In association with this 
positive Indian Ocean Dipole pattern, a decrease in precipitation is 
projected on the east side of the tropical Indian ocean (Figure 1a) 
which is also similar to break phase of the Indian monsoon 
(Annamalai and Sperber, 2005).

The decrease in upward motion in the tropical western Pacific and 
eastern Indian Ocean results in a descent anomaly and a reduction in 
precipitation over these regions (Figures 1a, 3a; 
Supplementary Figure S7a). Studies (Stowasser et al., 2009; Thomas et 
al., 2023) using single models simulated twin low-level anticyclones 
over the western tropical Indian Ocean under a warming climate. In 
analysis with multiple models of CMIP6, low-level easterly anomalies 
emanating from the western tropical Pacific flow over the tropical 
Indian Ocean and split into two low-level anticyclones over the 
western tropical Indian Ocean just before the east coast of Africa 
(Figure 1c). On intraseasonal timescales, another study (Annamalai 
and Sperber, 2005) found a suppressed precipitation over the east 
Indian Ocean during the break phase and positive Indian Ocean 
Dipole phase leads to a set of two anticyclones on either side of the 

FIGURE 2

Multi-model ensemble mean JJAS changes in winds (arrows), (a) zonal winds (colour), and (b) meridional wind at 850 hPa between the abrupt-4xCO2 
and piControl CMIP6 simulations. Means are calculated over the last 100 years of the piControl and over 131–150 years of the abrupt-4xCO2 
simulations and averaged over the 30 climate models participating in CMIP6 (Supplementary Table S1).
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equator along the tropical Indian Ocean. Thus, there are large 
similarities in the atmospheric circulation and SST anomalies in the 
Indian Ocean between the break phase and positive Indian Ocean 
Dipole p-IOD (IOD) phase of the monsoon and a warmer world.

The winds associated with the southern hemisphere anticyclone 
weaken the cross-equatorial flow associated with the Indian summer 
monsoon (Figure 2) and thus tend to weaken the monsoon circulation 
measured in terms of kinetic energy of the low-level Somali Jet 
(Supplementary Figure S9a). The northern hemisphere’s anomalous 
low-level anticyclone also causes a weakening of the Indian summer 
monsoon circulation, as the low-level monsoon circulation itself is 
cyclonic. The divergence of 850 mb meridional winds over the Indian 
Ocean centered around the equator is also an indication of the 
weakening of Indian monsoon circulation (Figure 2b). However, the 
vertically integrated horizontal moisture flux 
(Supplementary Figure S10a) and mean monsoon precipitation 
(Supplementary Figure S9b) over the Indian subcontinent are found 
to increase. Thus, the CMIP6 multi-model means in precipitation and 
circulation change over the Indian subcontinent are robust and 
consistent with earlier studies (Sooraj et al., 2015; Stowasser et al., 
2009; Thomas et al., 2023), which have found a weakening of monsoon 

circulation and an increase in water vapor flux and monsoon 
precipitation over India under a warming climate.

The Indian Ocean Walker Circulation (IWC) index is defined as 
the difference in average 500 hPa equatorial (10°S-10°N) vertical 
velocity between the East Indian Ocean (94°E-104°E) and the West 
Indian Ocean (40°E-50°E) (Sharma et al., 2022). In analysis with 30 
CMIP6 models, IWC index increases from −0.06 ± 0.02 Pa/s in the 
piControl simulations to −0.04 ± 0.02 Pa/s in the abrupt-4xCO2 
simulations (7.1 ± 2.7% per degree of warming, 
Supplementary Figure S11a). This indicates a decrease in ascent over 
the East Indian Ocean (or enhanced descent anomalies, Figure 3a) and 
a decrease in descent over the West Indian Ocean (or enhanced ascent 
anomalies, Figure 3), also evident in the tropical vertical velocities at 
500 hPa (Supplementary Figure S11a). Following the definition 
(Sharma et al., 2022), the zonal SST gradient in the tropical Indian 
Ocean is estimated as the difference in SST anomalies over the 
equatorial (10°S-10°N) West Indian Ocean (40°E-50°E) and East 
Indian Ocean (94°E-104°E). Under quadrupled CO2 concentration, 
the western Indian Ocean warms more than the eastern Indian Ocean 
(Figure 1b), amounting to a zonal SST gradient anomaly of 
0.84 ± 0.5 K. Studies (Sharma et al., 2022, 2023) have also found a 

FIGURE 3

Vertical pattern of multi-model ensemble mean JJAS change in tropical (a) vertical velocity and (b) cloud cover between the abrupt-4xCO2 and 
piControl simulations. The variables are averaged over 10°S-10°N at each longitude. Means are calculated over the last 100 years of the piControl and 
over 131–150 years of the abrupt-4xCO2 simulations and averaged over the 30 climate models participating in CMIP6 (Supplementary Table S1). The 
hatching in (a) shows regions of robust significant changes (colour), no or no robust significant changes (black hatching), and conflicting signals (pink 
hatching). Significance analysis is performed following Chapter 4, IPCC WG1 report (Lee et al., 2023).
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positive IOD pattern and a slowing down of the IWC under a warmer 
world in the September–November season. They (Sharma et al., 2022, 
2023) attribute the weakening of IWC to both greenhouse gas-induced 
warming and an anomalous Local Hadley Circulation (LHC) with 
rising motion over the Arabian Sea peninsula and sinking motion over 

the southeastern equatorial Indian Ocean. Furthermore, under a 
warming climate, the east–west asymmetry in sea surface temperature 
and precipitation leads to shoaling of thermocline, which can cause 
thermocline feedback that enhances the occurrence of positive IOD 
in the future (Krishnan et al., 2020).

FIGURE 4

(a) Schematic and (b) flowchart representation of large-scale circulation changes over the tropical Pacific and Indian Ocean during JJAS for a 
quadrupling of atmospheric CO2. The cyclonic and anti-cyclonic anomalies in (a) show the schematic circulation anomalies in the low levels (850 mb) 
identified in the CMIP6 ensemble mean, which is consistent with Gill (1980).
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The meridional component of MSLP/Tsurf (ratio of mean sea level 
pressure to surface temperature) gradient between the East Indian 
Ocean Region (EIO, 10°S-10°N and 90°E-115°E) and the Arabian 
Peninsula region (AP, 15°N-35°N and 30°E-55°E) is used to assess the 
strength of the LHC (Sharma et al., 2022). This quantity is called the 
LHC index. First, the difference in MSLP/Tsurf between the two 
regions is computed (step 1), following which, the meridional 
component of the MSLP/Tsurf is obtained by subtracting the zonal 
component (10°S-25°N average of MSLP/Tsurf over EIO minus 10°S-
25°N average of MSLP/Tsurf over AP) from the ratio (MSLP/Tsurf) 
computed in step 1. Similar to the definition (Sharma et al., 2022), the 
multimodel analysis using 30 CMIP6 models also shows an increase 
in local Hadley cell circulation index under a warming climate 
(Supplementary Figure S11c). This indicates a larger MSLP decrease 
over AP than over EIO and the development of a NW-SE-oriented 
local Hadley Cell circulation between EIO and AP. Thus, changes in 
IWC index, SST gradient, vertical velocities at 500 hPa, and MSLP 
gradients are consistent with a positive-IOD type pattern and 
weakening of IWC as seen in Sharma et al. (2022, 2023).

Precipitation changes over the tropical landmass are crucially 
dependent on the changes in circulation. Numerous studies (Chen et 
al., 2020; Katzenberger et al., 2021; Menon et al., 2013; Sooraj et al., 
2015; Stowasser et al., 2009; Thomas et al., 2023) have simulated an 
increase in mean monsoon precipitation over India even with a 
weakened mean monsoon circulation under a warming climate. Even 
with a decrease in mean Indian monsoon circulation 
(Supplementary Figure S9a), an increase in mean Indian monsoon 
precipitation is projected over India (Figure 1a; 
Supplementary Figure S9b) by the ensemble of 30 CMIP6 models. The 
vertically integrated divergence of horizontal moisture flux over the 
Indian subcontinent shows convergence at most locations in India 
(Supplementary Figure S10a). Thus, the enhanced thermodynamic 
effect associated with an increase in vertically integrated moisture flux 
convergence (Supplementary Figure S10) due to enhanced water 
vapor in the atmosphere dominates the weakened dynamic effect 
associated with a decrease in mean monsoon circulation 
(Supplementary Figure S9a) to produce an increase in mean monsoon 
precipitation over the Indian subcontinent (Figure 1a; 
Supplementary Figure S9b), which is consistent with earlier studies 
(Chen et al., 2020; Katzenberger et al., 2021; Menon et al., 2013; Sooraj 
et al., 2015; Stowasser et al., 2009; Thomas et al., 2023).

3.4 Changes over the tropical Atlantic 
Ocean

Under a warming climate, a study (Zhang et al., 2025) found a 
larger increase in sea surface temperature over the eastern equatorial 
Atlantic than in the west, which is similar to an east Atlantic El-Niño 
condition. Consistent with East Atlantic El-Niño pattern, a slight 
increase in precipitation over the equatorial Atlantic and a significant 
decrease in precipitation over the north tropical Atlantic are projected 
by the ensemble of 30 CMIP6 models (Figure 1). The change in sea 
surface temperature and precipitation are also similar to changes 
simulated toward the end of the century in multimodel analysis of the 
SSP3.7 scenario in the CMIP6 archive (Zhang et al., 2025). Earlier 
studies have found that, similar to the Pacific El-Niño, warm sea 
surface temperature anomalies in the eastern tropical Atlantic Ocean 

are associated with westerly anomalies over the tropical Atlantic 
(Figure 2a) and a deepened thermocline in the east, further warming 
the sea surface temperature through Bjerknes feedback (Keenlyside 
and Latif, 2007). Consistently, westerlies are found over the equatorial 
Atlantic in the northern hemisphere (Figure 2). Further, under climate 
warming, an increase in vertical stability (Figure 1c), enhanced 
descent (Figure 3a), and a decrease in cloud cover (Figure 3b) are 
simulated along the equatorial Atlantic. Under a warmer climate, the 
ascent anomaly over the central-east tropical Pacific is associated with 
a descent anomaly over the equatorial Atlantic Ocean (Figure 3). This 
is consistent with a decrease in cloud cover (Figure 3b) along the 
equatorial Atlantic. The westerly anomalies in the tropical Atlantic 
(Figure 2a) deepen the thermocline and further increase the sea 
surface temperature in the east (Figure 1b). The warmer SST anomalies 
in the east Atlantic are associated with an increase in precipitation 
(Figure 1a) over the same region.

3.5 Changes in tropical monsoon regions

Both CMIP5 and CMIP6 simulations project an increase in 
overall global monsoon precipitation and a weakening of global 
monsoon circulation (Christensen et al., 2013; Douville et al., 2021; 
Lee et al., 2023). Regionally, an increase in mean monsoon 
precipitation in the northern hemisphere and a decrease in the 
southern hemisphere is projected in the long term (Christensen et al., 
2013; Douville et al., 2021; Lee et al., 2023). Similarly, an east–west 
asymmetry with an increase in precipitation over South Asia and East 
Africa and a decrease over West Africa and North America is also 
projected for the future (Christensen et al., 2013; Douville et al., 2021; 
Lee et al., 2023). Using the 30 CMIP6 climate models, a similar 
asymmetry in the mean monsoon precipitation between the northern 
and southern hemispheres, and zonal asymmetry between Asia and 
America are found (Supplementary Figures S12, S13).

A decrease in mean monsoon precipitation over the tropical 
maritime continent is projected in a multimodel analysis using CMIP5 
models, but with less agreement between the models (Christensen et 
al., 2013). Under a warming climate, a significant decrease in mean 
precipitation is simulated along the tropical maritime continent by 30 
CMIP6 models (Supplementary Figure S12a). Being a part of the 
tropical western Pacific and eastern Indian Ocean, the tropical islands 
of Indonesia lie along the descending part of the circulation anomaly 
(Figures 3a; Supplementary Figure S7a). The descent anomaly leads to 
a decrease in cloud cover (Figure 3b), causing a decrease in mean 
precipitation over the tropical islands of the maritime continent 
(Supari et al., 2019).

A significant decrease in monsoon precipitation is simulated over 
tropical North America (Supplementary Figure S12b). This is consistent 
with multimodel analysis using CMIP5 and CMIP6 models (Christensen 
et al., 2013; Douville et al., 2021; Kim et al., 2025; Lee et al., 2023). A recent 
study He et al. (2025) found that the land-sea thermal contrast under an 
increased atmospheric CO2 concentration leads to the development of a 
cyclonic circulation over the Eurasian-African continent, leading to a 
subsidence anomaly over the western flank, suppressing the tropical 
North American Monsoon. Consistent with this study, multi-model 
analysis with CMIP6 models also shows a cyclonic circulation over the 
Eurasian-African continent (Supplementary Figure S14), and enhanced 
subsidence and reduced cloud cover over tropical North America 
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(Figures 3; Supplementary Figure S7a) under a warming climate, 
indicating a similar mechanism. Consistency exists between the models 
in both the sign and magnitude of changes in the mean monsoon 
precipitation and the enhanced decrease in vertical velocities over tropical 
North America, which extends throughout the tropical North Atlantic 
(Supplementary Figures S7, S12b).

The low-level cyclonic circulation over the Eurasian-African 
continent lies over the north-western margin of the low-level 
convergence anomaly along the equatorial East-African coast 
(Supplementary Figure S14). According to a classic modelling study 
by Gill (1980), heat-induced low-level convergence at the equator 
leads to the emergence of cyclonic flow on the western margins of the 
convergence zone. Thus, a cyclonic circulation also lies on the south-
western margin of the low-level convergence along the equatorial 
East-African coast in the southern Hemisphere 
(Supplementary Figure S14). A similar cyclonic circulation is also 
found on the north-west and south-west margin of convergence along 
the eastern tropical Pacific (Supplementary Figures S14, S15). 
Similarly, an anticyclonic circulation lies at the north and south-
western margin of the low-level divergence along the equatorial west 
Atlantic and east Pacific Ocean (Supplementary Figures S14, S15). At 
lower levels in the northern hemisphere, the relative vorticity 
anomalies show an anticyclonic anomaly over the Indian Ocean, a 
cyclonic anomaly over the western Pacific, an anticyclonic anomaly 
over the eastern Pacific, and a cyclonic anomaly over the Atlantic 
Ocean (Supplementary Figure S15). Mirroring counterparts are 
obtained in the southern hemisphere and at upper levels 
(Supplementary Figure S15). Essentially, under a warming climate, the 
tropics can be considered as interconnected oceanic basins with 
alternate enhanced convergence and divergence anomalies and 
associated cyclonic and anticyclonic responses as per Gill (1980).

The enhanced subsidence and reduced cloud cover over the 
tropical North Atlantic under a warming climate extend to northwest 
Africa, leading to a negative precipitation anomaly in the same region 
(Figure 3; Supplementary Figures S7a, S12c), while an increase in 
monsoon precipitation is simulated along northeast tropical Africa 
(Supplementary Figure S12c). The enhanced subsidence and east–west 
asymmetry in mean monsoon precipitation found over Northern 
Africa using 30 CMIP6 models is consistent with a study (Monerie et 
al., 2012), who found an increase in monsoon precipitation over 
central-eastern Sahel and a decrease over western Sahel and attributed 
it to enhanced subsidence in CMIP3 and CMIP5 models under the 
RCP4.5 scenario. Also similar to the multimodel analysis of CMIP5 
models (Christensen et al., 2013), inconsistency in the change of mean 
monsoon precipitation is high among the CMIP6 models 
(Supplementary Figure S12c).

An El-Niño pattern of sea surface temperature over the Pacific 
was found to shift the Walker circulation eastward, resulting in 
anomalous sinking motion over South America, leading to a decrease 
in mean monsoon precipitation there (Nath et al., 2024). Consistently, 
the multimodel mean using 30 CMIP6 models also shows an eastward 
shift of Walker circulation (Figure 4), a descent anomaly 
(Supplementary Figure S7b), and a significant decrease in mean 
monsoon precipitation (Supplementary Figure S13a) over tropical 
South America during the southern hemisphere summer monsoon 
period (Nov-Feb). The consistency in both direction and magnitude 
of changes in mean monsoon precipitation and vertical velocity is high 
among the 30 CMIP6 models (Supplementary Figures S7b, S13a).

A decrease in monsoon precipitation is simulated over South Africa 
(Supplementary Figure S13b), consistent with the north–south 
asymmetry in mean monsoon precipitation found in studies using 
CMIP6 data (Christensen et al., 2013) during the southern hemisphere 
summer monsoon months (Nov-Feb). Climatologically, a decrease in 
mean monsoon precipitation is typically observed over Southern Africa 
during the El-Niño years (Bellprat et al., 2015; Pomposi et al., 2018), 
indicating a consistent response under a warming climate as well.

Studies using CMIP5 models have found an increase in monsoon 
precipitation over northwest Australia and a decrease over the 
southwest, and attributed it to anthropogenic aerosols (Doblas-Reyes 
et al., 2023). Synthesis using 30 CMIP6 models shows an increase in 
monsoon precipitation over east Australia and a decrease over the 
west during Nov-Feb (southern hemisphere summer) under a 
quadrupled concentration of CO2 in the atmosphere 
(Supplementary Figure S13c). However, the consistency among the 
models regarding the magnitude and sign of the simulated changes in 
monsoon precipitation is very low (Supplementary Figure S13c). A 
similar inconsistency was also determined by an earlier study that 
used an ensemble of CMIP6 models to understand the changes in 
monsoon precipitation over Australia under a warming climate, and 
found that the inconsistency has reduced compared to CMIP5 
counterparts (Narsey et al., 2020).

Overall, a significant decrease in mean monsoon precipitation is 
projected by the CMIP6 models under a warming climate over the 
summer monsoon regions in Northern America, Southern America, 
and Southern Africa, primarily associated with enhanced sinking over 
these regions (Supplementary Figures S7, S12, S13). An east–west 
asymmetry is projected in the changes of mean monsoon precipitation 
under a warming climate over Northern Africa and Australia, but the 
consistency between the models with regard to the sign and magnitude 
of the changes is low (Supplementary Figures S7, S12, S13). In analysis 
with CMIP6 simulations, Chang et al. (2022) found that, irrespective 
of emission scenario, precipitation extremes over the global monsoon 
region increase by around 8.0% per K of global warming, and the 
dynamic factor leads to the regional differences, while thermodynamic 
factors lead to a uniform increase in extreme precipitation events 
throughout the tropics.

4 Conclusion

Previous studies on tropical circulation changes have focused on 
individual ocean basins (Cai et al., 2019, 2021; Fan and Dommenget, 
2024; Geng et al., 2022; Li et al., 2023b; Menon et al., 2013; Thomas et 
al., 2023; Wang et al., 2017; Yeh et al., 2009). In this review, we 
document and synthesize the robust circulation changes across the 
entire tropics. We have also used CMIP6 data to illustrate the robust 
changes in tropical circulation and associated precipitation during the 
northern hemisphere summer period (JJAS) under a warming climate. 
Mean changes for JJAS are estimated from two sets of experiments: 
pre-industrial control (piControl) and the abrupt-4xCO2 simulations 
from 30 CMIP6 climate models. Consistent with the IPCC assessment 
reports AR5 and AR6 (Christensen et al., 2013; Douville et al., 2021), 
a robust increase in tropical precipitation (~1.5%/oC) and a larger rate 
of increase in precipitable water (~9%/oC) in the tropics under a 
warming climate are found, indicating a weakening of tropical 
circulation. Vecchi et al. (2006) suggested that the difference between 
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the rate of moistening and the rate of precipitation is the measure of 
the weakening of atmospheric overturning circulation, and another 
study from the same group (Vecchi and Soden, 2007) found an 
enhanced weakening of Walker circulation over the central Pacific. A 
robust weakening of Walker circulation (~9.5%/oC) in the tropical 
Pacific Ocean is also found among the CMIP6 models, and its link to 
the changes in the weakening of the Indian summer monsoon 
circulation has been discussed.

Using CMIP6 data, we illustrate that under a warming climate, the 
Walker circulation over the tropical Pacific, the Indian Ocean Walker 
circulation, and the Indian summer monsoon circulation over the 
tropical Indian Ocean consistently weaken. Under a warming climate, 
previous studies (Huang et al., 2017; Jia et al., 2024; Lee et al., 2023) 
project an increase in vertical stability of the tropical atmosphere. A 
relatively larger increase in vertical stability of the atmosphere over the 
tropical western Pacific and east Indian Ocean is found (Figure 1c). 
The enhanced vertical stability results in a weakened ascent over the 
tropical western Pacific and eastern Indian Ocean region, which is 
reflected as a descent anomaly in vertical velocity (Figure 3a; 
Supplementary Figure S7a). The descent anomaly over the western 
Pacific and east Indian Ocean is associated with low-level westerlies 
over the tropical Pacific and easterlies over the tropical Indian Ocean 
(Figure 2a). A recent study (Xie et al., 2010) suggest that the strong 
low-level westerly anomalies over the Pacific lead to a deepening of 
the thermocline along central and east Pacific causing a larger increase 
in sea surface temperature similar to an El-Niño pattern (Figure 1b). 
Multiple studies (Cai et al., 2021; Power et al., 2013; Stowasser et al., 
2009; Wang et al., 2017) have found an El-Niño type SST pattern over 
the Pacific Ocean under a warming climate. This enhances ascent over 
the tropical central and eastern Pacific (Figure 3a). These changes 
involved in the weakening of the Walker circulation along the tropical 
Pacific are illustrated schematically in Figure 4.

Over the Indian Ocean, individual and multiple model studies 
(Sharma et al., 2022, 2023; Stowasser et al., 2009; Thomas et al., 2023) 
have found a positive Indian Ocean Dipole pattern of sea surface 
temperature, the presence of two low-level anticyclones over the 
western Indian Ocean, and a weakening of Indian summer monsoon 
circulation under a warming climate. Consistently, in the CMIP6 
simulations, a strong easterly anomaly over the tropical Indian Ocean, 
which splits into two anticyclones just before the east coast of Africa 
(Figure 2a), is found, both weakening the Indian summer monsoon 
circulation (Supplementary Figure S9a). However, an increase in the 
thermodynamic component (Supplementary Figure S7) associated 
with enhanced water vapor in the atmosphere overwhelms the 
decreased dynamic component associated with the monsoon 
circulation (Supplementary Figure S9a) to result in an increase in 
monsoon precipitation over the Indian subcontinent 
(Supplementary Figure S9b). Many studies (Chen et al., 2020; 
Katzenberger et al., 2021; Sooraj et al., 2015; Stowasser et al., 2009; 
Thomas et al., 2023) have also found an increase in monsoon 
precipitation over the Indian subcontinent, even with a weakening of 
monsoon circulation under a warming climate. However, no previous 
studies have linked the weakening of Walker circulation in the Pacific 
(and the associated El-Niño phase of the ENSO oscillation) and the 
circulation changes over the tropical Indian Ocean such as easterly 
anomalies near the equatorial Indian Ocean, an SST anomaly pattern 
similar to the positive phase of IOD, and a twin anticyclonic anomaly 
in the western tropical Indian Ocean.

The results illustrated using CMIP6 data in this review are 
consistent with earlier studies that have also found a weakening of 
Pacific and Indian Ocean Walker circulation and Indian summer 
monsoon circulation under a warming climate in multi-model 
analysis using CMIP3/5 or individual model analysis (Dong et al., 
2024; Kjellsson, 2015; Menon et al., 2013; Sharma et al., 2022, 2023; 
Shrestha and Soden, 2023; Stowasser et al., 2009; Thomas et al., 2023; 
Tokinaga et al., 2012; Vecchi et al., 2006; Vecchi and Soden, 2007). 
Furthermore, the changes under a warming climate are also consistent 
and robust across the 30 climate models of the CMIP6 data used in 
this review. The increase in mean monsoon precipitation simulated 
over the Indian subcontinent, even with a weakened monsoon 
circulation, is also consistent with earlier studies (Chen et al., 2020; 
Katzenberger et al., 2021; Sooraj et al., 2015; Stowasser et al., 2009; 
Thomas et al., 2023). Additionally, we have provided a comprehensive 
review of the changes in monsoon precipitation and circulation 
among all monsoon regions in the tropics and specifically focused on 
the link between the changes over the tropical Pacific and 
Indian oceans.

In the Atlantic, a recent study (Zhang et al., 2025) found a larger 
increase in sea surface temperature along the eastern equatorial 
Atlantic (Figure 1b) relative to the western equatorial Atlantic, similar 
to an east Atlantic El-Niño condition. An increase in vertical stability 
(Figure 1c), descent anomalies (Figure 3a), and a decrease in cloud 
cover (Figure 3b) are simulated along the equatorial Atlantic. 
According to another study (Keenlyside and Latif, 2007), westerly 
anomalies emanating toward the east in the tropics (Figure 2) deepen 
the thermocline and increase the SST in the east (Figure 1b), leading 
to enhanced precipitation over the north tropical Atlantic. The 
changes simulated are also consistent with a previous analysis of the 
CMIP6 data (Lee et al., 2023).

In the tropics, multiple studies have found a north–south and 
east–west asymmetry in the change of mean summer monsoon 
precipitation under a warming climate (Christensen et al., 2013; 
Douville et al., 2021; Lee et al., 2023). While an increase in mean 
summer monsoon precipitation over the Asian and northeast African 
regions is simulated, multiple studies (He et al., 2025; Kim et al., 2025) 
found a significant decrease over tropical North and South America 
(Figure 1a; Supplementary Figures S12, S13). Similarly, multiple 
studies (Christensen et al., 2013; Supari et al., 2019) also found a 
decrease in mean summer monsoon precipitation in the Southern 
African region and the Maritime subcontinent (Figure 1a; 
Supplementary Figures S12, S13). These regions are found to lie along 
the descending anomaly of vertical velocity (Figure 3a; 
Supplementary Figure S7) and show a decrease in cloud cover 
(Figure 3b). The changes found are similar to the regional changes of 
precipitation patterns obtained in previous multimodel studies using 
CMIP5 and CMIP6 data (Christensen et al., 2013; Douville et al., 2021; 
Lee et al., 2023; Supari et al., 2019). Additionally, under a warming 
climate, the tropics can be considered as interconnected oceanic basins 
with alternate enhanced convergence and divergence anomalies and 
associated cyclonic and anticyclonic responses as per Gill (1980).

The broader large-scale changes in mean northern hemisphere 
summer monsoon (JJAS) precipitation, surface temperature, vertical 
stability (Figure 1), zonal and meridional winds (Figure 2), vertical 
velocity, and cloud cover over the tropics (Figure 3) are also qualitatively 
found during the southern hemisphere summer monsoon (NDJF; 
Supplementary Figures S16–S18) and also in annual means 
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(Supplementary Figures S18–S20). Under a warming climate during 
NDJF, as for JJAS, an El-Niño type surface temperature is found over the 
Pacific (Supplementary Figure S16b) along with increased precipitation 
over the central and east Pacific (Supplementary  
Figure S16a), westerlies over the tropical Pacific and easterlies over the 
tropical Indian Ocean (Figure 1). However, a decrease in precipitation 
found during JJAS is not simulated during NDJF over the east Indian 
Ocean (Figure 1a; Supplementary Figure S16a). This is consistent with 
earlier studies that have used CMIP6 data to project future global climate 
change (Lee et al., 2023). However, similar to JJAS, a weakening of Walker 
circulation associated with an upward motion anomaly over the tropical 
eastern Pacific and descent anomaly over the tropical western Pacific and 
eastern Indian Ocean is found during NDJF under a warming climate 
(Figure 3; Supplementary Figure S18). Similarly, annual means also show 
an El-Niño pattern of sea surface temperature anomalies and precipitation 
over the tropical Pacific (Supplementary  
Figures S19a,b), enhanced vertical stability over tropical west Pacific and 
east Indian Ocean (Supplementary Figure S19c), westerlies over the 
tropical Pacific and easterlies over the tropical Indian Ocean 
(Supplementary Figure S20) and ascent anomalies over tropical central 
and east Pacific and descent anomalies over tropical western Pacific and 
east Indian Ocean (Supplementary Figure S21). These changes are similar 
to the changes simulated during JJAS but weaker in magnitude. Thus, the 
weakening of Walker circulation and associated circulation and 
precipitation changes simulated during the northern hemisphere summer 
(JJAS) under a warming climate are also found during southern 
hemisphere summer (NDJF) and in annual means, indicating a qualitative 
temporal robustness in our results through the year.

There are several potential directions for future research identified in 
this review. For instance, we have reviewed only the atmospheric changes 
associated with a warming climate over the tropical basins, especially the 
weakening of Walker circulation and its association with the Indian 
Ocean. The strengthening of Walker circulation in recent decades, which 
might be associated with the negative phase of the Interdecadal Pacific 
Oscillation, has not been explored in this review, as this review is focused 
on long-term changes. In this context, it may be noted that a synthesis and 
review of the circulation changes in the extra-tropics is provided in an 
earlier study (Shaw et al., 2024). Ocean circulation changes and 
atmospheric teleconnections from other regions of the world could 
influence the enhanced mean monsoon precipitation in the tropics. A 
detailed analysis of the influence of ocean circulation changes and 
teleconnections is needed in the future to obtain a holistic picture of the 
possible changes in tropical monsoon precipitation under a warming 
climate. The potential link between the strong easterlies over the northern 
side of the eastern Pacific Ocean and the significant decrease in monsoon 
precipitation over tropical North America has not been explored. 
Similarly, a detailed analysis of the sinking anomaly over tropical South 
America and the ascent anomaly over tropical eastern Africa has also not 
been performed. Detailed investigations to understand the mechanism 
and implications of the north–south asymmetry in precipitation changes 
simulated over the tropical Atlantic are needed in the future. An elaborate 
decomposition of the dynamic and thermodynamic factors associated 
with the weakening of Walker circulation on other regional monsoon 
circulation and precipitation changes merits further studies in the future. 
This could be achieved using sensitivity experiments aimed at exploring 
the mechanism of the simulated changes.

In summary, this review has documented our current knowledge 
and understanding regarding the atmospheric circulation and 

precipitation changes, and their interconnection along the three tropical 
oceanic basins under a warming climate. We believe this synthesis would 
provide deeper insights into changes in the tropical climate, which are 
vital to the livelihood of nearly two-thirds of the global population.
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