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Abstract
Observational records and climate model projections reveal a considerable decline in the Atlantic Meridional Overturning 
Circulation (AMOC). Changes in the AMOC can have a significant impact on the global climate. Sustained warming due 
to increased greenhouse gas emissions is projected to weaken the AMOC, which in turn can lead to changes in the loca-
tion of Inter-tropical convergence zone (ITCZ), oceanic and atmospheric large-scale circulation, tropical precipitation and 
regional monsoons. Using proxy records, observations and CMIP6 simulations of IITM Earth System Model (IITM-ESM), 
we investigate the changes in the AMOC and associated changes in the large-scale circulation and precipitation patterns 
over the South Asian monsoon region. Transient CO2 simulation and additional model sensitivity experiments with real-
istic surface heat and freshwater perturbation anomalies under the experimental protocol of Flux Anomaly Forcing Model 
Intercomparison Project (FAFMIP) performed with IITM-ESM reveal a decline in the strength of AMOC. The weakening 
of AMOC is associated with enhanced heat and freshwater forcing in the North Atlantic resulting in the reduction of north-
ward oceanic heat transport and an enhanced northward atmospheric heat transport. Changes in AMOC lead to weakening 
of large-scale north–south temperature gradient and regional land-sea thermal gradient, which in turn weaken the regional 
Hadley circulation and, monsoon circulation over the South Asian region. Both the FAFMIP and transient CO2 experiments 
reveal consistent results of weakening South Asian Monsoon circulation with a decline of AMOC, while precipitation exhibits 
contrasting responses as precipitation changes are dominated by the thermodynamic response. The suite of observational and 
numerical analysis provides a mechanistic hypothesis for the weakening of South Asian monsoon circulation concomitant 
with a weakening of AMOC in a warming climate.

Keywords  Atlantic meridional overturning circulation · South Asian monsoon · Weakening of circulation · Heat transport · 
Global warming

1  Introduction

The Atlantic Meridional Overturning Circulation (AMOC) 
is an important component of Earth’s climate system. The 
AMOC transports a large fraction of ocean heat and carbon 
and is associated with the production of about half of the 
global ocean’s deep waters in the northern Atlantic (Srokosz 

et al. 2012; Rhein 2014; Buckley and Marshall 2016; Tren-
berth and Fasullo 2017). The AMOC heat transport accounts 
for 25% of maximum global ocean meridional heat trans-
port required by the coupled ocean–atmosphere system to 
maintain the radiation budget (Trenberth and Fasullo 2017). 
The Intergovernmental Panel on Climate Change (IPCC) 
AR5 considers it very likely that the AMOC will weaken in 
the 21st century as a consequence of anthropogenic green-
house gas emissions (Stocker et al. 2013). The weakening 
of AMOC can lead to a significant reduction of oceanic heat 
supply to the North Atlantic region. The CMIP5 models pro-
jected a reduction of AMOC on the order of 11% in RCP2.6 
scenario and 34% for the RCP8.5 scenario.

Changes in the strength of AMOC can impact the global 
climate. Previous studies have documented that the changes 
in strength of AMOC can impact North Atlantic storm tracks 
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(Woollings et al. 2012), the inter tropical convergence zone 
(ITCZ; Vellinga and Wood 2002; Chiang et al. 2008; Cheng 
et al. 2013), North American and European summer climate 
(Sutton and Hodson 2005; Parsons et al. 2014), African and 
South Asian monsoon rainfall (Zhang and Delworth 2006; 
Mohtadi et al. 2014). The variability in AMOC has been 
linked to the variability of south Asian monsoon through 
changes in the ITCZ. Zhang and Delworth (2005), using 
idealized experiments, have shown that excessive freshening 
in the north Atlantic can lead to a weakening of AMOC and 
a weakening of South Asian monsoon. All of the above stud-
ies documented the association between weakening AMOC 
and South Asian summer monsoon rainfall using various 
coupled models. Most of the studies including Zhang and 
Delworth (2005) addressed the impact of freshening on 
the AMOC weakening and its association to South Asian 
summer monsoon. However, Gregory et al. (2016a, b) have 
shown that the response of AMOC to heat flux perturbation 
is larger than due to the fresh water flux perturbation. This 
has been supported by the previous studies (Delworth et al. 
1993; Griffies and Tziperman 1995; Delworth and Great-
batch 2000). But, none of the previous studies addressed the 
impact of increased heating on weakening the AMOC and 
its impact on South Asian summer monsoon. The novelty 
of the study is that we propose a mechanism for the associa-
tion of AMOC to South Asian Monsoon under a warming 
climate and show that South Asian monsoon circulation 
weakens in response to weakening AMOC, while precipita-
tion changes are dominated by thermodynamics response. 
Also, we decompose the water vapor budget into dynamic 
and thermodynamic components and provide explanation 
on the response of precipitation and circulation to projected 
changes of AMOC in a warming climate.

An increase in atmospheric greenhouse gases (GHG) is 
expected to affect the large-scale circulation and precipita-
tion patterns. An increase in atmospheric moisture due to 
atmospheric warming, acts to enhance precipitation, while 
circulation is projected to weaken with increased stability of 
the atmosphere (Endo and Kitoh 2014; Li et al. 2015; Mei 
et al. 2015). Enhanced warming due to an increase in GHG 
is projected to weaken the AMOC (Jackson 2013), which in 
turn can affect the large-scale circulation and precipitation 
patterns (Vellinga and Wood 2008; Liu and Fedorov 2019). 
Energetics arguments suggest that AMOC weakening can 
cause a southward shift of ITCZ and affect regional mon-
soons (Donohoe et al. 2013). Understanding the circulation 
and precipitation changes to a substantial decline in AMOC 
as projected by the IPCC models is vital given that nearly 
half of the world’s population in the South Asian region 
heavily relies on monsoon for agriculture, food, and energy 
security.

Observational records also indicate a twentieth-century 
slowdown in AMOC. The annual mean temperature trends 

from 1901 to 2013 show patterns of cooling in the North 
Atlantic associated with weakening of AMOC (Rahmstorf 
et al. 2015). The AMOC index (based on Rahmstorf et al. 
2015) shows that there is a large decline in the strength of 
AMOC after 1975 (Dickson et al. 1988; Belkin et al. 1998). 
The daily mean AMOC transport from RAPID-MOCHA 
array along 26.5 N available from 2004 shows that AMOC 
is not stable and has high temporal variability (Cunningham 
et al. 2007; Kanzow et al. 2007, 2010a; Johns et al. 2008, 
2011; Rayner et al. 2011).

In the background of global warming and projected weak-
ening of AMOC, we explore the links between the unprec-
edented decline in the strength of AMOC and its impact 
on the circulation and precipitation patterns over the South 
Asian region using IITM-ESM CMIP6 simulations. We fur-
ther perform a set of idealized experiments with extreme 
warming, extreme freshening scenarios under the protocol 
of Flux Anomaly Forcing Model Intercomparison (FAFMIP) 
(Gregory et al. 2016a) and transient CO2 simulations to bet-
ter understand the association between weakening of AMOC 
and South Asian monsoon circulation and precipitation. 
Section 2 describes the model, experiment design, data 
and methodology. Section 3 consists of the validation of 
the model (IITM-ESM) used for the analysis. The dynamic 
and thermodynamic responses of monsoon precipitation and 
circulation to changes to the decline of AMOC and a mecha-
nistic hypothesis for the future changes in the South Asian 
monsoon circulation in response to the weakening of AMOC 
in a warming climate are discussed in subsequent sections. 
The summary and conclusion from the study are discussed 
in the last section.

2 � Model description, experiments, and data 
sets

2.1 � Model

The model used for the study is a global coupled 
ocean–atmosphere general circulation model, the IITM-
Earth System Model (IITM-ESM, Swapna et al. 2018a), 
developed at the Indian Institute of Tropical Meteorology 
(IITM). IITM-ESM comprises of Global Forecast System 
(GFS; Moorthi et al. 2001) as the atmospheric component 
based on the National Centre for Environmental Prediction 
(NCEP, Saha et al. 2014). GFS is a spectral model with a 
triangular truncation of 62 waves (T62). The horizontal reso-
lution is approximately 20 (~ 200 km) and vertical resolution 
comprises 64 sigma-pressure hybrid layers with top model 
layer extending up to 0.2 hPa. The land model is NOAH-
LSM consisting of four soil layers, 13 vegetation types and 
nine soil types. More description of NOAH-LSM can be 
obtained from Ek (2003).
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The ocean model in IITM-ESM is the NOAA/GFDL 
Modular Ocean Model Version 4p1 (MOM4p1, Griffies 
2009). MOM4p1 is a hydrostatic model configured using 
the Boussinesq approximation and a rescaled geopoten-
tial vertical coordinate. The zonal resolution is 1° and the 
meridional resolution is 0.33° between 10 S and 10 N and 
gradually increasing to 1° poleward of 30°S and 30° N with 
50 vertical levels. The Sea ice model in IITM-ESM is the 
Sea Ice Simulator (SIS, Winton 2000). SIS is a dynamical 
model with three vertical layers, one snow, and two ice lay-
ers. The Sea ice is classified into five ice thickness categories 
(Delworth et al. 2006).

2.2 � Experimental set‑up

To understand the responses of the large-scale circulation 
and precipitation to the weakening of the AMOC, we utilize 
IITM-ESM CMIP6 simulations and sensitivity experiments 
which are described in detail in Table 1. The model repro-
duces realistic pre-industrial climate using 1850 trace gas 
concentrations, solar irradiance, anthropogenic aerosols, and 
land-use land-cover conditions under the CMIP6 protocol 
for the pre-industrial control (piControl) simulation as dis-
cussed in Swapna et al. (2018b).

A FAF-HEAT simulation experiment is conducted 
with the net surface heat flux anomaly forcing provided by 
FAFMIP starting from the piControl state as suggested by 
Gregory et al. (2016b). The model-mean surface heat flux 
anomaly from 13 CMIP5 models was used as the surface 
flux anomaly forcing. The heat flux anomaly imposed is 
computed as the difference in net surface heat flux between 
the climatological monthly time means of years 61–80 of 1 
pct CO2 and the corresponding 20 years of piControl. The 
imposed heat flux anomaly is added only to the momentum 
balance of the ocean water surface, but not the turbulent 
mixing scheme. This FAF-HEAT simulation is performed 
for 70 years and the last 10 years of data are used for the 
analysis. In the FAF-HEAT experiment, the strength of 
AMOC reduces from 15 Sv in the piControl (1 Sv = 106 m3 
s−1) to 5 Sv.

A FAF-WATER simulation experiment is con-
ducted with the surface freshwater flux anomaly (i.e. 

precipitation–evaporation) forcing provided by FAFMIP 
starting from the piControl state (Gregory et al. 2016a, b). 
Similar to the FAF-HEAT, the fresh water flux anomaly is 
added to the ocean surface. This FAF-WATER simulation 
is also performed for 70 years and the last 10 years of data 
are used for the analysis. In the FAF-WATER experiment, 
the AMOC strength reduces from 15 Sv in the piControl to 
10 Sv. Similar sensitivities were also reported in Gregory 
et al. (2016a, b).

Additionally, a transient CO2 increase experiment is per-
formed with CO2 concentration increasing at 1% per year 
starting from 1850 values until doubling and then held fixed 
for 100 more years, following the CMIP6 protocols. The 
AMOC, circulation, and precipitation changes during the 
last 50 years of the simulation are presented in the study.

2.3 � Data sets used

The data sets used for evaluating model simulations are sum-
marized here. The gridded monthly rainfall data from the 
Tropical Rainfall Measuring Mission (TRMM) Microwave 
Imager (TMI Huffman et al. 2007) for the period 1998–2012 
is utilized. We use the temperature and salinity data from 
the World Ocean Atlas (WOA2009, Locarnini 2010), the 
Hadley Centre Sea Ice, and Sea Surface Temperature and 
sea‐ice concentration data set (HadISST1.1, Rayner et al. 
2003), Extended Reconstructed Sea Surface Temperature 
(ERSSTv4) for the period 1950–2012. RAPID MOCHA 
trans-basin array data from 2004 was used to understand the 
variations of AMOC strength. Vertical velocity data from 
Global Ocean Data Analysis system (GODAS) is used for 
the period 1980–2017.

3 � Results

3.1 � Association between AMOC and South Asian 
monsoon from long‑term proxy records

The Asian summer monsoon records derived from Hulu 
cave in eastern China shows, during cold stadial condition in 
Greenland, the Asian summer monsoon was reduced (Wang 

Table 1   List of experiments performed with the forcing used and the length of the simulation

Experiment Forcing used Length of the simulation

PI-Control Preindustrial CMIP6 Forcing; GHG’s, LULC and aerosols set to 1850 values. 300 year run (after 
500 year of spin up)

FAF-HEAT Net Surface heat flux anomaly (W m−2) provided by FAFMIP project (Gregory et al. 2016a, 2016b) 70 years
FAF-WATER Net Surface fresh water flux anomaly (kg m−2 s−1) provided by FAFMIP project (Gregory et al. 2016a, 

2016b)
70 years

1 pct CO2 CO2 concentration is increased at a rate of 1% per year up to 70 years and then kept constant 100 years
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et al. 2001), and Indian summer monsoon was also shown to 
be weakened (Altabet et al. 2002) during the same period. 
These stadials have been associated with shift in the ITCZ 
and changes in South Asian monsoon strength (McGee et al. 
2014).

Proxy record taken from Cariaco basin off the Venezuela 
coast during the past 14,000 years reveal the location of 
ITCZ (Haug et al. 2001). The location of ITCZ was esti-
mated based on Titanium and Iron concentration data. This 
basin record shows robust correlations with climate records 
from distant regions and serves as evidence for the global 
teleconnections (Haug and Hughen 2000). Proxy records of 
Atlantic multidecadal variability (AMV) from AD 800–2010 
taken from a network of terrestrial records from the North 
Atlantic region (Wang et al. 2017) serve as evidence for the 
changes in the AMOC strength (McCarthy et al. 2012). The 
association between the location of ITCZ and the strength of 
AMOC can be clearly noted from the long term records from 
the Cariaco basin and the terrestrial proxy record (Fig. 1). 
Time-series reveal a northward displacement of ITCZ during 
strong AMOC periods and vice versa.

Long term variations in precipitation were inferred based 
on amplitudes of the Iron (Fe) and Titanium (Ti) signals 
from ODP Site 1002 (10°42.739 N, 65°10.189 W) drilled at 

a water depth of 893 m where there exist anoxic conditions 
in the Cariaco water column. Higher precipitation rates are 
seen from AD 800–1300, the interval of time referred to 
as the “Medieval Warm Period.” This was followed by the 
“Little Ice Age,” marked by lower precipitation rates in the 
Cariaco region.

The association between ITCZ, AMOC and Indian sum-
mer monsoon rainfall can be seen from long-term Stalgamite 
records from Sahiya Cave of Northern India (30°36′N, 
77°52′E) (Sinha et al. 2015). Analysis of the 1200 year long 
term proxy records (from AD 800–2000) of AMOC and 
Indian summer monsoon rainfall (ISMR) show a positive 
correlation (r2 = 0.45) which is statistically significant at 
99.9% confidence level (Fig. 1a). The significant correlation 
ascertains the relation between AMOC and ISMR. Simi-
larly, the long term proxy records of ITCZ from the Caraiaco 
basin and AMOC also show a positive correlation (r2 = 0.48) 
indicating a close relationship between the position of ITCZ 
and strength of AMOC (Fig. 1b). During periods of strong 
AMOC, ITCZ was shifted northward and ISMR showed 
enhanced precipitation over the Indian region (Fig. 1).

4 � Simulation of AMOC and South Asian 
monsoon in IITM‑ESM

Before analyzing the links between AMOC and South Asian 
monsoon, we summarize the main characteristics of AMOC 
and South Asian monsoon in IITM-ESM.

4.1 � AMOC characteristics in IITM‑ESM

The piControl simulation of IITM-ESM was performed by 
prescribing the GHG, aerosol concentrations and land use 
land cover change to 1850 values according to CMIP6 pro-
tocol. The model is run for 500 years of spin-up to reach 
a stable quasi-equilibrium state which is a representation 
of the 1850 preindustrial climate. Since the representation 
of meridional ocean and atmospheric transport is crucial 
for a model, we first analyze AMOC, a major contributor 
of heat transport. The time series of annual mean AMOC 
for the last 300 year-long piControl simulation is shown in 
Fig. 2d. The simulated AMOC features are comparable with 
the corresponding piControl simulation of the CMIP5 multi-
model mean (10 CMIP5 models are considered) and also 
with Global Ocean Data Assimilation (GODAS) as shown in 
Fig. 2. AMOC comprised of northward flow in the upper lev-
els and southward return flow below 1000 m (Fig. 2a). The 
northward volume transport in IITM-ESM is around 15 Sv 
between 200 and 500 N (Fig. 2a) which is comparable to 
observational estimates of direct ocean measurements near 
26.50 N from the RAPID array. The mean AMOC strength 
from the 300-year preindustrial simulation of IITM-ESM is 

a

b

Fig. 1   a Time-series of AMV index (shaded) and Time-series of 
Sahiya cave rainfall data is shown as a black line b Time-series of the 
location of ITCZ from cariaco basin
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15.8 Sv, while the observational estimate of the AMOC at 
26.50 N is 18.5 Sv (Johns et al. 2008; Kanzow et al. 2010b; 
Trenberth and Fasullo 2017). The vertical-meridional pat-
tern of AMOC is well represented in the model. Though 
the magnitude of the simulated AMOC is slightly weaker 
than the observations, the mean features are reasonably well 
simulated by the model as compared to observations and 
CMIP5 multi-model mean.

4.2 � South Asian monsoon characteristics 
in IITM‑ESM

An assessment of the mean monsoon characteristics over 
the South Asian region during boreal summer monsoon 
season (June–September; hereafter JJAS) from the piCon-
trol simulation of IITM-ESM, satellite-derived TRMM 
data, and CMIP5 multi-model mean, are shown in Fig. 3. 
The mean rainfall during JJAS is characterized by rainfall 
over central India and the surrounding parts of the Arabian 

Sea and the Bay of Bengal with the rain belt extending 
to the Maritime Continent and across the Pacific Ocean 
between the equator and 100  N (Fig.  3a). IITM-ESM 
reproduces the observed precipitation pattern reasonably 
well. The IITM-ESM shows a dry bias over the Amazon 
region, Southeast Asia and equatorial Pacific, while dry 
bias over Indian region and excess rainfall bias over the 
western Pacific is reduced in the current version as com-
pared to the previous version of IITM-ESM (Swapna 
et al. 2014, 2018a). The current version of IITM-ESM 
employs a new parameterization scheme, Revised Simpli-
fied Arakawa Schubert (SAS) scheme (Han and Pan 2011) 
which resulted in a better simulation of rainfall over the 
tropical region (Ganai et al. 2015; Swapna et al. 2018b). 
In the revised SAS scheme, the cumulus convection is 
made stronger and deeper to deplete more instability in 
the atmospheric column. More details about the revised 
SAS scheme are available in Han and Pan (2011).

a

b

c d

Fig. 2   Latitude-depth section showing Atlantic Meridional Overturn-
ing Circulation (AMOC, Sv) from (a) GODAS, (b) CMIP5 ensemble 
mean, and (c) Pi-Control of IITM-ESM. d Time series of maximum 

AMOC transport (Sv) in the north Atlantic from preindustrial simula-
tion of IITM-ESM
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5 � Simulated changes in the AMOC 
and South Asian monsoon in a warming 
climate

The CMIP5 models project a significant decline in the 
strength of AMOC in the 21st century. A suite of studies 
were performed to evaluate the response to the declining 
strength of AMOC strength using idealized experiments. 
Stouffer et al. (2006) performed a freshening experiment in 
which they distributed 1.0 Sv of freshwater into the entire 
northern North Atlantic. They observed that the AMOC 
weakens rapidly and almost disappears in most models and 
as a result, poleward heat and salt transport in the north 
Atlantic reduce dramatically. Consequently, the Northern 
Hemisphere (NH) cooled and the Southern Hemisphere (SH) 
warmed relative to the control simulation. The magnitude of 

NH cooling was much greater than the SH warming. As a 
result, the annual mean Atlantic ITCZ moved into the South-
ern Hemisphere. Similarly, Zhang and Delworth (2005), 
Sun et al. (2011) also have performed idealized freshening 
experiments and established the association between AMOC 
and ITCZ location.

However, future changes in the large-scale global climate 
driver AMOC and its possible association with regional 
monsoon-like South Asian monsoon in a warming climate 
have not yet been addressed. In the current study, we propose 
a mechanism linking the unprecedented decline of AMOC 
(by imposing surface heat flux) to the weakening of mon-
soon circulation in a warming climate.

In order to understand the association between AMOC 
and large scale monsoon circulation in a warming climate, 
we perform a series of sensitivity experiments using the 
IITM-ESM. The experiments are performed under the 
FAFMIP (Gregory et al. 2016b) protocol. The details about 
the experiments are listed in Table 1. These experiments 
help in classifying the role of weakening of large scale ther-
mohaline circulation alone on the South Asian monsoon 
amidst a plethora of factors viz GHG and anthropogenic 
aerosols. Here, we analyze the simulation characteristics 
from FAF-HEAT and FAF-WATER experiments, in which 
heat and freshwater flux anomalies are added as forcing, 
keeping all other parameters unchanged from the piControl 
following the FAFMIP protocol (Gregory et al. 2016b).

5.1 � Response of AMOC to anomalous heat 
and freshwater forcing

The AMOC streamfunction from the FAFMIP experiments 
is shown in Fig. 4. Figure 4a shows the mean AMOC struc-
ture from the piControl simulation. Figure 4b and c show 
the changes in AMOC represented as the difference between 
FAF-HEAT and piControl (Fig. 4b) and FAF-WATER and 
piControl (Fig. 4c) respectively. The last 10 years from each 
experiment are considered for the analysis. Though both the 
experiments show a weakening of AMOC, the strength is 
considerably decreased in FAF-HEAT. This can also be seen 
from the time series of maximum AMOC stream function 
from both the experiments and piControl shown in Fig. 4e. 
The magnitude of the decline in AMOC from FAF-HEAT 
and FAF-WATER is similar to the decline shown by CMIP5 
models under FAFMIP experiment (Gregory et al. 2016b). 
Since FAF-HEAT has a larger impact on the decline of 
AMOC, we focus on FAF-HEAT results for further analysis. 
It was also shown by previous studies that surface heat flux 
anomalies have a dominant influence on the AMOC vari-
ability (Rahmstorf and Ganopolski 1999; Mikolajewicz and 
Voss 2000; Gregory et al. 2005). Also, we see a decline of 
AMOC in a transient CO2 simulation which will be further 
discussed in detail in the subsequent section (Fig. 4d).

Fig. 3   Spatial map of boreal summer monsoon (JJAS) precipitation 
(mm d−1) from (a) Observation (TRMM), (b) CMIP5 ensemble mean 
and (c) IITM-ESM
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In order to understand the possible reasons for the decline 
of AMOC, we analyze the annual mean sea-ice concentra-
tion over the Arctic (Fig. 5). Figure 5a shows the annual 
mean sea-ice concentration over the Arctic from the piCon-
trol. Figure 5b shows the difference of the arctic sea-ice con-
centration from FAF-HEAT relative to piControl. We clearly 
see a decline in the sea-ice concentration in FAF-HEAT 
experiment (Fig. 5b). The depletion of Arctic sea-ice results 
in the discharge of fresh water into the North Atlantic.

Further, we analyze the meridional-vertical profiles of 
temperature and salinity in the Atlantic basin (Fig. 6). Fig-
ure 6 shows the mean vertical-meridional Atlantic salinity 
profile from the piControl and difference from FAF-HEAT 
relative to piControl. We observe a freshening relative to 
piControl in FAF-HEAT (Fig. 6c) which is a result of dis-
charge of fresh water from the Arctic sea-ice melt. We also 
observe an increase in the temperature relative to piCon-
trol in FAF-HEAT due to the net positive surface heat flux 
anomaly forcing (Fig. 6d). Changes in salinity affect buoy-
ancy and density stratification in the North Atlantic and play 
an important role in controlling the strength of meridional 
overturning circulation (Buckley and Marshall 2016). The 
excessive freshening in the North Atlantic can be caused by 
the depletion of sea-ice in the Arctic (Sévellec et al. 2017; 

Liu and Fedorov 2019) or through the land-ice melt over 
Greenland (Rahmstorf et al. 2015). Since freshening arising 
from the land-ice melt is not included in both these experi-
ments, the excessive freshening can only be induced by the 
changes in the sea-ice distribution alone.

To gain further insight, we also analyze the potential den-
sity (averaged over upper 500 m) in the Atlantic basin from 
piControl and FAF-HEAT (Fig. 7). A basin-wide decrease 
in the potential density in the North Atlantic can be seen in 
FAF-HEAT relative to piControl (Fig. 7b) resulting from 
increased warming and freshening arising from the anoma-
lous heat flux forcing.

5.2 � Response of South Asian monsoon 
to anomalous weakening of AMOC

In this section, we analyze the impacts of the weaken-
ing AMOC to changes in large-scale circulation and pre-
cipitation patterns over the South Asian region. There are 
compelling evidences from recent studies that weakening 
of the AMOC has a central role in weakening the north-
ward oceanic heat transport and shifting the position of the 
ITCZ (McGee et al. 2014, 2018). Also, AMOC fluctua-
tions affect the strength of the mean atmospheric tropical 

a b

c d

e

Fig. 4   Latitude-depth section showing mean Atlantic Meridional 
Overturning Circulation (AMOC, Sv) from (a) piControl, relative to 
piControl from (b) FAF-HEAT (c) FAF-WATER and (d) 1 pct CO2. 
e Time series of maximum AMOC transport (Sv) in the north Atlan-

tic from piControl (blue), FAF-HEAT(red) and FAF-WATER(green). 
Change in the AMOC significant at 95% confidence interval are stip-
pled
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circulation by impacting global atmospheric energetics 
(Vial et al. 2018). Further, we analyze the poleward ocean 
heat transport (OHT) from the experiments. The pole-
ward OHT is shown in Fig. 8. Figure 8a shows the mean 
poleward heat transport from both Ocean and Atmos-
phere from piControl. It is interesting to note that there is 

a considerable decline in the Atlantic OHT in FAF-HEAT 
associated with a weakening of AMOC in the experi-
ment (Fig. 8b). The reduction of OHT is associated with a 
cooling in the Northern hemisphere (NH) and warming in 
the Southern hemisphere. The SST difference from both 
FAF-HEAT and 1 pct CO2 relative to piControl is shown 

a b

Fig. 5   Spatial map of annual mean sea-ice concentration (%) over the Arctic from (a) piControl, (b) relative to piControl from FAF-HEAT. 
Changes in Sea-ice significant at 95% confidence level are stippled

a b

c d

Fig. 6   Latitude-depth section of upper layers of mean Atlantic salinity (psu) from (a) piControl, relative to piControl from (c) FAF-HEAT. (b, 
d) similar to (a, c) except for potential temperature (°C). Changes in the temperature and salinity significant at 95% confidence level are stippled
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in Fig. 9. In FAF-HEAT, we observe a north–south tem-
perature gradient with cooling in the northern hemisphere 
and warming in the southern hemisphere (Fig. 9a). This 
inter-hemispheric SST difference in-turn leads to a south-
ward shift of the ITCZ, as ITCZ is located in the warmer 
hemisphere (Mantsis and Clement 2009; Donohoe et al. 
2013; Sun et al. 2013; Haywood et al. 2016). Associated 
with the weakening of large-scale north–south temperature 
gradient, the regional land-sea thermal gradient has also 

weakened as can be seen from Fig. 10 for the summer 
monsoon season.

It is well known that the land-sea thermal contrast can 
modulate the regional monsoon circulation (Sikka and 
Gadgil 1980; Lau and Li 1984; Li and Yanai 1996; Web-
ster et al. 1998; Rajeevan et al. 2010). Since Indian sum-
mer monsoon typically lasts from June to September season 
(JJAS) bringing more than 90% of the total precipitation, 
we further analyze the fields for the JJAS. Land-sea thermal 

a b

Fig. 7   Spatial map showing the mean north Atlantic potential density (kg m−3) from (a) piControl, (b) relative to piControl from FAF-HEAT. 
Change in potential density significant at 95% confidence level are stippled

a

b c

Fig. 8   a Annual mean cross-equatorial heat transport (PW) from 
piControl, Ocean (blue), Atmosphere (red) (b). Change in the ocean 
heat transport (green), change in the atmospheric heat transport (pur-

ple) relative to piControl from FAF-HEAT (c). Change in the ocean 
heat transport (green), change in the atmospheric heat transport (pur-
ple) relative to piControl from 1 pct CO2
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contrast over the South Asian region is computed based on 
the method discussed by Xavier et al. (2007). Land-sea ther-
mal contrast is defined as the temperature averaged from 
850 to 200 hPa has a strong influence on the South Asian 
summer monsoon rainfall. We show the summer mean tem-
perature (averaged from 850 to 200 hPa) from piControl in 
Fig. 10a. Figure 10b shows the weakening of the land-sea 
thermal gradient from FAF-HEAT relative to piControl. 
Weakening of the land-sea thermal gradient weakens the 
Sea level Pressure (SLP) gradient (Fig. 11) and regional 
Hadley cell during the summer monsoon season (Fig. 12). 

Figure 11a shows the mean SLP during the summer season 
from the piControl. Figure 11b shows the weakening of SLP 
gradient from FAF-HEAT relative to piControl. Also, since 
large-scale South Asian summer monsoon circulation has a 
strong linkage to the changes in the Hadley cell, we analyzed 
regional Hadley cell during the summer season. Figure 12a 
shows the mean Hadley cell from piControl, comprising 
of an ascending branch over the Indian landmass and a 
descending branch over the equatorial Indian Ocean. Fig-
ure 12b shows a descent over the Indian land region and rises 
over the equatorial Indian Ocean associated with weakening 

a b

Fig. 9   Spatial map showing the difference in Sea Surface Temperature (°C) relative to piControl from (a) FAF-HEAT and (b) 1 pct CO2. 
Changes in SST significant at 95% confidence interval are stippled

a b c

Fig. 10   JJAS seasonal mean temperature (K, averaged from 850 to 200 hPa) from (a).piControl, relative to piControl from (b) FAF-HEAT and 
(c) 1 pct CO2. Change in temperature significant at 95% confidence level are stippled

a b c

Fig. 11   a Spatial map of JJAS mean Sea Level Pressure (MSLP,hPa) from (a). piControl, relative to piControl from (b) FAF-HEAT and (c). 1 
pct CO2. Change in MSLP significant at 95% confidence interval are stippled
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of regional Hadley cell from FAF-HEAT relative to piCon-
trol. Since weakening of the summer monsoon Hadley cell 
can potentially lead to a weakened large-scale monsoon flow, 
we further evaluate the monsoon features.

The mean summer monsoon rainfall from the piControl 
and FAF-HEAT is shown in Fig. 13a–d. The 850hpa cross-
equatorial vector winds were overlaid in order to diagnose 
the monsoon circulation response. Figure 13a shows the 
climatology of the precipitation and winds from piControl, 
while Fig. 13c shows the difference from FAF-HEAT rela-
tive to piControl. The change in circulation and precipitation 
from FAF-HEAT over the South Asian region is shown in 
Fig. 13b and d. We note that with the weakening of summer 
mean Hadley circulation co-occurring with the weakening of 
AMOC, summer monsoon circulation and precipitation over 
South Asian region also have shown a considerable decline.

In summary, the decline in the strength of AMOC can be 
one of the factors for the changes in the large-scale circula-
tion pattern. AMOC decline weakens the poleward OHT, 
causing a meridional thermal gradient by cooling the NH 
and warming the SH. This thermal gradient shifts the ITCZ 
to the SH. The weakened large-scale summer mean Hadley 
cell weakens the cross-equatorial monsoon circulation and 
precipitation. But, in a realistic future warming scenario, 
increasing concentrations of GHG’s have been known to 
increase moisture availability and precipitation (Stowasser 
et al. 2009). Therefore, in the next section, we analyze the 
changes in the South Asian monsoon from the perspective 
of a declining AMOC under an increasing CO2 scenario.

6 � Projected changes in the association 
between AMOC and South Asian Monsoon

Understanding the South Asian monsoon response to global 
warming is a challenging problem (Turner and Annamalai 
2012). CMIP3 future projections of ISMR revealed a wide 

range of trends with varying magnitudes. An evaluation 
of ISMR from 20 CMIP5 models for the period 1850 to 
2100 showed a consistent increase in seasonal mean rain-
fall (Menon et al. 2013). The long-term positive trends in 
the monsoon rainfall and interannual variability is a robust 
feature across a wide range of models (Kripalani et al. 2007; 
Hsu et al. 2013; Lee and Wang 2014). However, summer 
monsoon circulation is projected to decline under global 
warming (Kitoh et al. 1997; Tanaka et al. 2005; Ueda et al. 
2006).

The increase in precipitation under global warming is 
attributed to an increase in the water-holding capacity of 
the atmosphere with an increase in surface temperature 
(Trenberth 1998). Meehl et al. (2005) suggested an increase 
in water vapor content associated with an increase in sea 
surface temperature in a warmer climate as the reason for 
enhanced precipitation in the tropics. The atmospheric water 
vapor is projected to increase by 12–16% over large parts of 
India (Kripalani et al. 2007) at the time of CO2 doubling. 
This increase in moisture content can lead to enhanced 
precipitation.

In order to understand the association between AMOC 
and South Asian monsoon in a warming scenario, we have 
performed an idealized future warming scenario experiment 
by increasing CO2 at a rate of 1% per year (1 pct CO2) until 
doubling (Taylor et al. 2012). Figure 4d shows the AMOC 
strength from 1pctCO2 relative to piControl. We observe 
a decline in the AMOC strength with an increase in CO2, 
AMOC strength declined by almost 5.0 Sv at the time of 
doubling CO2. The AMOC weakening is larger in FAF-
HEAT than in 1pctCO2 which is consistent with the four 
AOGCMs used in Gregory et al. (2016b).

Similar to Sect. 5, we analyze the OHT changes from 
1pctCO2. We find a decline in poleward OHT in 1 pct 
CO2 similar to FAF-HEAT (Fig. 8c). The SST difference 
from 1pctCO2 relative to the piControl (Fig. 9b), shows 
enhanced SST warming with relatively higher warming 

cba

Fig. 12   Meridional–vertical profile of JJAS seasonal mean circulation 
(Hadley Cell) averaged over 65°E–95°E (vectors), vertical velocity 
(10−4 Pa s−1) (shaded) from (a). piControl, (b). Relative to piControl 

from FAF-HEAT. c 1 pct CO2. Changes in the vertical velocity sig-
nificant at 95% confidence level are stippled
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in the equatorial Indian Ocean as compared to the north-
ern regions. Though global warming is generally spatially 
uniform, we see a weaker north–south SST gradient in 1 
pct CO2 compared to FAF-HEAT. The enhanced warming 
in the equatorial Indian Ocean weakens the land-sea ther-
mal gradient similar to FAF-HEAT (Fig. 10c). Weakening 

of the land-sea thermal gradient weakens the SLP gradi-
ent and regional Hadley cell. The SLP, regional Hadley 
cell and South Asian monsoon circulation from 1pctCO2 
also show a weakening similar to FAF-HEAT (Figs. 11c, 
12c). Thus both the FAF-HEAT and 1 pct CO2 experiment 
reveal a weakening of summer monsoon circulation over 

a b

c d

e f

Fig. 13   a Spatial map showing the boreal summer (JJAS) mean pre-
cipitation (shaded, mm d−1), 850  hPa wind (vectors, m  s−1) over-
laid from piControl (b) same as (a) but zoomed Over South Asian 
region, relative to piControl (c) from FAF-HEAT, (d). Same as (c) 

but zoomed Over South Asian region, relative to piControl (e) from 
1pctCO2, (f). Same as (c) but zoomed Over South Asian region. 
Change in the precipitation significant at 95% confidence level are 
stippled
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the South Asian region associated with the weakening of 
AMOC.

Summer monsoon circulation and precipitation response 
from 1 pct CO2 is shown in Fig. 13. We note the difference in 
precipitation and circulation response in 1 pct CO2 as com-
pared to FAF-HEAT (Fig. 13f). An increase in the summer 
monsoon precipitation over the south Asian region despite 
the weakening of the cross-equatorial flow can be seen from 
Fig. 13f in contrast to the FAF-HEAT where weakening of 
both circulation and precipitation can be seen over the south 
Asian region (Fig. 13d).

We further diagnose the difference in the precipitation 
response between FAF-HEAT and 1 pct CO2 despite a com-
mon decline in AMOC in both experiments. To gain fur-
ther understanding, we decompose the thermodynamic and 
dynamic contribution to monsoon circulation and precipita-
tion changes.

6.1 � Thermodynamic and dynamic contribution 
to monsoon circulation and precipitation 
changes

Under global warming, the increase in precipitation has been 
attributed predominantly to an increase in the water-holding 
capacity of the atmosphere with an increase in surface tem-
perature (Trenberth 1998). This may be the reason for the 
increase in the monsoon precipitation despite weakening 
of monsoon circulation in the 1 pct CO2 experiment. The 
general hypothesis is that, in a warmer climate, based on 
the Clausius–Clapeyron equation, surface evaporation will 
increase with increasing SST, and this additional moisture 
content in the troposphere results in excess rainfall (Sto-
wasser et al. 2009). Because in all FAFMIP experiments 
the CO2 concentrations were prescribed at the pre-industrial 
level, the water-holding capacity of the atmosphere is less 
in the FAF-HEAT experiment as compared to 1pct CO2 
experiment.

Idealized aqua-planet simulations clearly demonstrate 
that low-level moisture transport in the atmospheric Had-
ley cell opposes the atmospheric energy transport (Frierson 
et al. 2013; Voigt et al. 2013; Haywood et al. 2016). We 
analyze the 850 hPa moisture flux (g kg−1 m s−1) and lower 
troposphere (850–500 hPa) integrated moisture (g kg−1) 
from both 1 pct CO2 and FAF-HEAT relative to piControl 
(Fig. 14). We see a weakening of 850 hPa moisture flux 
into the South Asian region in the FAF-HEAT relative to 
piControl (Fig. 14a). In contrast, the 1 pct CO2 shows an 
enhancement of 850 hpa moisture flux implying an increase 
of moisture flux (Fig. 14b). An enhancement of vertically 
integrated moisture can be seen in 1 pct CO2, while there 
is no significant change in moisture in the FAF-HEAT 
(Fig. 14c, d). Further, we evaluate moisture divergence 
from both the experiments. Figure 14e shows a divergence 

of moisture over the landmass in FAF-HEAT and conver-
gence of moisture in the 1 pct CO2 (Fig. 14f). This confirms 
that the enhancement of precipitation seen in 1 pct CO2 is 
due to the excess of moisture availability as compared to 
FAF-HEAT.

Further, we also decompose the rainfall change into ther-
modynamic and dynamic components based on Huang et al. 
(2013). Following the equation P’ ~ w’ × q + w × q’; we split 
the water vapor budget into dynamic and thermodynamic 
components. The first component from the equation derived 
from Huang et al. (2013) is the dynamic component which 
represents the changes in the circulation. The second com-
ponent is the thermodynamic component which represents 
the change in the water vapor due to warming. The thermo-
dynamic effect due to global warming plays a dominant role 
in the 1 pct CO2 in contrast to FAF-HEAT. Figure 15b and d 
show the thermodynamic component from FAF-HEAT and 
1pctCO2 respectively. In FAF-HEAT, the net surface heat 
flux anomaly is used as the only forcing. The GHG concen-
trations were kept constant in FAF-HEAT. Therefore the q’ 
(i.e. the change in specific humidity) is minimal in FAF-
HEAT. The thermodynamic component (i.e. second term) 
is not significant and hence not have strong impact on the 
rainfall as can be seen from (Fig. 15b and d).

In 1 pct CO2, the CO2 concentration is increased at a 
rate of 1% per year. As the CO2 concentration increases, the 
temperature increases and the water holding capacity of the 
atmosphere increases. Therefore q’ (i.e. change in specific 
humidity) is substantial in 1pctCO2 relative to piControl. 
Therefore the thermodynamic component is significant in 
1pctCO2 leading to moisture convergence and enhanced 
rainfall over south Asian region. In addition, we show the 
vertically integrated moist static energy (MSE) from both 
FAF-HEAT and 1 pct CO2 (Fig. 14). We find an increase in 
the MSE in 1 pct CO2 owing to the enhanced availability of 
moisture, which confirms the increase in the thermodynamic 
component. The dynamic contribution is largely consistent 
with FAF-HEAT. This explains the contrasting rainfall fea-
tures in the FAFHEAT and transient CO2 experiments.

In summary, the numerical experiments performed with 
IITM-ESM show consistent results of weakening summer 
monsoon circulation over the South Asian region with a 
decline of AMOC, though precipitation response is domi-
nated by the thermodynamics response in a GHG warming 
scenario.

7 � Conclusions

In this work, we focused on the association between AMOC 
and South Asian monsoon in a warming climate. Long term 
proxy records (1200 years from 800 to 2000AD) of AMOC 
and ISMR showed a close relationship. During periods of 
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weak AMOC, ITCZ shifts southward and ISMR is character-
ized by reduced precipitation. Observational records indicate 
a twentieth-century slowdown in AMOC and CMIP5 mod-
els project an AMOC decline of more than 30% under the 
extreme scenario of RCP8.5 at the end of the 21st century 
(Kirtman et al. 2013). In the background of global warming 
and projected weakening of AMOC, we explored the links 
between the projected unprecedented decline in the strength 
of AMOC and its impact on the circulation and precipita-
tion patterns over the South Asian region using IITM-ESM 
CMIP6 and sensitivity experiments. Understanding the cir-
culation and precipitation changes to a substantial decline 
in AMOC as projected by CMIP5 models is vital given that 
nearly half of the world’s population in the South Asian 
region heavily relies on monsoon for agriculture, food, and 
energy security.

An assessment of the IITM-ESM model simulations 
of AMOC and South Asian monsoon was performed. The 
model captures the mean characteristics of AMOC and 
South Asian monsoon in the piControl simulation. Sensi-
tivity experiments performed with IITM-ESM revealed a 
significant association between South Asian Monsoon cir-
culation and AMOC. While previous studies have already 
reported an association between AMOC and South Asian 
monsoon, projected changes in AMOC and its possible influ-
ence on the regional South Asian monsoon in a warming 
climate have not yet been addressed.

To understand the responses of the large-scale circula-
tion and precipitation to a substantial AMOC weakening, 
a series of experiments were performed. Model experi-
ments performed with realistic surface heat and freshwa-
ter perturbations, derived from the Flux Anomaly Forcing 

a b

c d

e f

Fig. 14   Seasonal mean (JJAS) difference of FAF-HEAT and 1pctCO2 
relative to piControl (a) moisture flux at 850  hPa (vectors, g kg−1 
m s−1) over specific humidity at 850 hPa (shaded), c 1000–700 hPa 

vertically integrated moist static energy (J m−2). e Divergent compo-
nent of moisture transport (kg m−1 s−1) (b, d, f) same as (a, c, e) but 
for 1 pctCO2. Changes significant at 90% confidence level are stippled
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Model Intercomparison Project (FAFMIP; Gregory et al. 
2016a), revealed a decline in the strength of AMOC which 
leads to regional and remote responses. When imposing 
the surface heat flux anomalies (FAF-HEAT), the AMOC 
declined significantly in response to the surface heat added 
into the North Atlantic. The weakening of AMOC results 
in the reduction of northward oceanic heat transport and 
an enhanced northward atmospheric heat transport and 
weakening of large-scale north–south temperature gradient. 
This in-turn weakens the regional land-sea thermal gradi-
ent, regional Hadley circulation, monsoon circulation and 
precipitation over the South Asian region. In addition, we 
also performed a surface freshwater flux anomaly experi-
ment (FAF-WATER). As in previous studies, we find surface 
heat flux perturbations (i.e. FAF-HEAT) to play a dominant 
role in the AMOC decline (Gregory et al. 2016a, b; Del-
worth et al. 1993; Griffies and Tziperman 1995; Delworth 
and Greatbatch 2000).

Finally, in order to understand the association between 
AMOC and monsoon in a warming climate, we performed 
an additional experiment in which we increased the CO2 
concentration at the rate of 1% per year, and found that cir-
culation responses are similar to FAF-HEAT and robust. 
We find the magnitude of weakening of AMOC in transient 

CO2 to be weaker than in FAF-HEAT, which is consistent 
with previous studies. It is interesting to note that though the 
South Asian monsoon circulation responds to the weakening 
of AMOC, precipitation responses are different An enhance-
ment of precipitation results from the transient CO2 experi-
ment despite a weakening of summer monsoon circulation. 
Precipitation changes are dominated by the thermodynamic 
response leading to enhancement of precipitation over the 
south Asian region. Our diagnostics imply that, in addition 
to the increase in CO2-induced rise in temperature, there is 
increased availability of moisture and moist static stability. 
The changes in moisture flux led to increased South Asian 
summer monsoon precipitation.

There are two novel aspects in the current study. Firstly, 
we distinguish the process of AMOC weakening quantita-
tively by imposing surface heat fluxes (FAF-HEAT) and 
fresh water fluxes (FAF-WATER) individually. We find an 
enhanced weakening of AMOC in FAF-HEAT rather than 
FAF-WATER experiment indicating the importance of 
the heat flux on AMOC weakening. Most of the previous 
studies were assessing the impact of freshening on AMOC 
weakening. These studies discussed the association between 
weakening of the AMOC and South Asian monsoon using 
idealized experiments by inducing freshening in the North 

Fig. 15   Decomposition of precipitation change, a–d. a Dynamic (10−4 Pa s−1). b Thermodynamic component (10−4 Pa s−1) of rainfall change for 
FAF-HEAT. c Dynamic (10−4 Pa s−1) and d thermodynamic (10−4 Pa s−1) component of rainfall change for 1 pct CO2
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Atlantic. However, heat flux variations have a dominant 
influence on AMOC variability (Delworth et al. 1993; Grif-
fies and Tziperman 1995; Delworth and Greatbatch 2000). 
Here for the first time, we used heat flux anomaly to weaken 
the AMOC and studied the association between declining 
AMOC and South Asian monsoon. For this, we followed the 
FAFMIP protocol, in which we impose the net surface heat 
flux anomaly i.e. FAF-HEAT.

The second novel aspect of our study is with a suite of 
experiments we demonstrate that the South Asian monsoon 
circulation weakens in response to weakening AMOC, while 
precipitation changes are dominated by thermodynamics 
response. To demonstrate the association between AMOC 
and South Asian monsoon in a warming climate we per-
formed a 1p CO2 experiment in which CO2 concentration is 
increased at a rate of 1% per year. We find a decline in the 
strength of AMOC in 1p CO2 similar to FAF-HEAT. South 
Asian circulation weaken in response to AMOC weakening 
in both FAF-HEAT and 1p CO2 experiment. However, the 
South Asian monsoon precipitation response is distinct in 
1p CO2 experiment. We investigated the difference in the 
precipitation response from both the experiments by per-
forming water budget analysis. Our results reveal that the 
thermodynamic component of the water vapor budget plays 
a major in driving the South Asian monsoon precipitation 
in a future warming scenario in spite of a decline in the 
strength of AMOC.
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