
1.  Introduction
The Arctic sea ice has been melting rapidly in recent decades in response to a warming climate (Lindsay & 
Zhang, 2005; Overland & Wang, 2013). The climate model projections indicate that the Arctic would experi-
ence an ice-free summer by the second half of the 21st century at the current rate of global warming (Overland 
& Wang, 2013). The Antarctic sea ice variability is more complex compared to that of the Arctic, with a slight 
increasing trend in the sea ice extent for the first three decades of the satellite era and a decreasing trend in recent 
years that is faster than the rate of Arctic sea ice melt (Parkinson, 2019). Further, the Antarctic summer sea ice is 
also projected to vanish by the end of the 21st century under strong warming scenarios (Roach et al., 2020). The 
polar sea ice melt can have far-reaching effects on the global climate system through surface energy imbalance 
and the response of ocean dynamics (Screen & Simmonds, 2010; Serreze & Barry, 2011). Due to the thermal 
inertia of the oceans, the effect of sea ice melt can persist for multiple seasons (Francis et al., 2009). Experiments 
using atmospheric general circulation models (AGCM) have shown that Arctic sea ice depletion explains most 
of the seasonal patterns of high-latitude climate response to enhanced greenhouse gas (GHG) warming (Deser 
et al., 2010).

The effects of sea ice melt and the Arctic amplification on midlatitude climate are evident through the changes in 
storm tracks, jetstream, and the Rossby wave activity (Francis & Vavrus, 2012; Rinke et al., 2017). These changes 
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Plain Language Summary  The sea ice is melting rapidly in a warming climate, which can have 
feedback effects on the climate system. However, the impact of sea ice melt on low latitude climate is not 
adequately understood. The Indian summer monsoon (ISM), known as the lifeline of South Asia, is essential 
to the water security of more than 1.5 billion people. We examined the response of the ISM to the polar sea ice 
melt using a suite of global climate model experiments. Our simulations show that the monsoon circulation 
and rainfall weaken substantially due to the sea ice melt. Further, the number of propagating precipitating 
vortices embedded in the monsoon circulation declined by about 22% in the sea ice melt experiments. Our 
results suggest that the Arctic and Antarctic sea ice melt could have severe implications for the water security of 
South  Asia.
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cause an increased frequency of extreme weather events, such as floods, heatwaves, and severe cyclonic storms 
in the middle- and high-latitude regions (Budikova, 2009; Cohen et al., 2014, 2020). The impact of sea ice melt 
on low latitude weather has only recently received attention from the research community. One possible channel 
for the changes in the Arctic to influence the tropics is through the response of oceanic heat transport (Tomas 
et al., 2016). It is well-known that the Atlantic meridional overturning cell, which plays a crucial role in oceanic 
heat transport, will weaken in response to the Arctic sea ice melt (Liu & Fedorov, 2019; Sevellec et al., 2017). The 
atmospheric thickness response to the Arctic amplification and subsequent changes in the equatorward Rossby 
wave propagation can be another channel for Arctic to tropics teleconnection (Francis & Vavrus, 2012). However, 
the low latitude response to the Arctic sea ice melt was not evident in tropical extreme weather events (Barnes 
et al., 2014; Wallace et al., 2014).

Quantifying the response of sea ice melt to the climate system using observational analysis is difficult due to the 
presence of multiple variability with different spatio temporal scales in the observed data. The climate models, 
although not perfect, are useful tools in understanding the response of the sea ice melt to the climate system 
(Smith et al., 2019). In climate model simulations, in the absence of ocean dynamics, the effect of Arctic sea 
ice melt is largely confined to regions poleward of 30°N while the addition of ocean dynamics resulted in an 
equatorward shift of the inter-tropical convergence zone (ITCZ) (Deser et al., 2015; Liu & Fedorov, 2019). When 
only the thermodynamic coupling is retained by suppressing dynamic coupling, the ITCZ and Hadley cell shifted 
poleward in response to the Arctic sea ice melt (Tomas et al., 2016). The changes in the mean position of ITCZ 
can affect the tropical cyclone (TC) genesis (Berry & Reeder,  2014; Molinari & Vollaro, 2013). Aquaplanet 
simulations suggest that a poleward shift in the ITCZ would result in an increased frequency of TC-like synoptic 
scale weather systems (Ballinger et al., 2015). Deng et al. (2018) argued that the variability in the Arctic sea ice 
might influence the mid-Pacific trough, which in turn can affect the TC genesis over the northwest Pacific. The 
response of ocean dynamics to the sea ice melt can induce a global oceanic response (Deser et al., 2010; Liu & 
Fedorov, 2019). Such an oceanic response can have far-reaching effects on Earth's climate system, including trop-
ical cyclones and monsoons. However, the effect of polar sea ice melt on monsoons and tropical cyclones is poorly 
understood. Hence, we perform a coupled climate model simulation followed by an uncoupled high-resolution 
AGCM simulation forced with sea surface temperature (SST) and sea ice concentrations (SIC) from coupled 
model outputs to understand the effect of polar sea ice melt on monsoon synoptic systems.

The remote influences of extratropical variability on the Indian summer monsoon (ISM) have long been known 
(Buermann et  al.,  2005; Khandekar,  1991). The operational seasonal forecasts over India used extratropical 
parameters to predict the forthcoming summer monsoon (Rajeevan, 2002). Recently, a link between the Atlantic 
SST and ISM is also emerging (Pottapinjara et al., 2014; Sabeerali et al., 2019, 2021). The Atlantic meridional 
overturning circulation is slowing down in response to the Arctic sea ice melt (Smeed et al., 2014) that may add 
more complexity to the teleconnection between the Atlantic SST and ISM. Earlier studies suggested a possible 
teleconnection between the Arctic and Antarctic sea ice variability and the Asian summer monsoon on intrasea-
sonal and interannual scales (Chatterjee et al., 2021; Guo et al., 2014; Prabhu et al., 2012, 2021). The influence 
of tropical variability on the Arctic was also reported (Krishnamurti et al., 2015; Nuncio et al., 2020). However, 
those studies relied on the statistical analysis of the observed data, which may not be sufficient to understand the 
underlying mechanisms. A sensitivity experiment using a coupled climate model is better suited to understand 
teleconnection mechanisms in detail.

The monsoon synoptic activity over India is known to be influenced by remote forcing from the Pacific and 
Atlantic (Meera et  al., 2019; Pottapinjara et  al., 2014; Srujan et  al., 2021, 2022). Further, in future warming 
simulations, the synoptic storms are found to be weakening (Dong et al., 2020; Rastogi et al., 2018; Sandeep 
et al., 2018). In idealized experiments, Sørland et al. (2016) found that the rainfall associated with the monsoon 
LPS scales at a Clausius-Clapeyron rate in response to the imposed warming. The response of monsoon synop-
tic activity to the sea ice melt is not known. In this paper, we explore the possible changes in the ISM synoptic 
activity due to the polar sea ice melt.

One of the reasons for the lack of understanding of the effect of sea ice melt on the genesis of high impact trop-
ical weather systems is that the coarse-resolution simulations using coupled models do not adequately resolve 
TCs and monsoon low-pressure systems (LPS). One way to overcome this issue is to run high-resolution AGCM 
simulations forced with SST and SIC from coupled model experiments (Murakami et al., 2011; Sabin et al., 2013; 
Sandeep et al., 2018). The high-resolution AGCM simulations have also simulated the mean thermodynamic 
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structure of ISM correctly (Sabin & Pauluis, 2020). The effect of global sea ice melt on ISMs mean and synoptic 
scale features is not understood. The synoptic scale vortices embedded in the monsoon circulation, known as LPS, 
contribute more than half of the total precipitation over continental India (Hunt et al., 2016; Praveen et al., 2015). 
Here, we investigate the response of monsoon LPS to the global sea ice melt using a series of coarse-resolution 
coupled and high-resolution uncoupled climate model simulations.

2.  Data and Methods
We performed a control experiment (CTRL) by running the Community Earth System Model (CESM) version 
1.2.2 (Hurrell et  al.,  2013) in a fully coupled configuration, with preindustrial (B1850_CAM5) forcing, for 
350 years. The atmosphere and land are configured with a 0.9° × 1.25° horizontal resolution, while the ocean and 
sea ice share a variable resolution gx1v6 displaced pole grid. In another experiment, the CESM model is restarted 
from the 300th year of the CTRL experiment and run for 50 years. In this experiment, we decreased the albedo of 
bare and ponded sea ice and snow cover on ice over the Arctic and Antarctic Oceans in the sea ice component of 
CESM. Specifically, we changed the parameters Rice and Rpnd from 0 to −2. Also, we reduced the single scattering 
albedo of snow by 10% for all spectral bands. These settings are similar to Liu and Fedorov (2019) where they 
found that the chosen values replicated the recently observed sea ice loss. We designate this simulation as a sea 
ice melt experiment (SIME). The SIC from phase five of the coupled model inter-comparison project (CMIP5; 
Taylor et al. (2012)) historical (1981–2000 period) and future projection (2081–2100 period) under the RCP8.5 
scenario of CESM model have been used to compare with the CTRL and SIME simulations. It may be noted that 
our experiment design is different from that of the Polar Amplification Model Intercomparison Project (PAMIP) 
in which the models are nudged to the SST and SIC from the CMIP5 historical and future warming simulations 
(Smith et al., 2019). The 1-year time slice experiments of PAMIP may not be suitable for understanding the 
effects of SIC changes on low latitude climate, as the response through ocean dynamics can take several years to 
reach the tropics.

The current generation coupled models do not adequately resolve TCs and monsoon LPS when configured with a 
coarse horizontal resolution. We have designed a set of high-resolution AGCM simulations using the community 
atmospheric model (CAM5) to save computational resources. The CAM5 model is run at a 50 km horizontal 
resolution and forced with the annual cycles of SST and SIC from the CTRL and SIME simulations. We desig-
nate these experiments as CTRL-CAM5 and SIME-CAM5, respectively, to distinguish them from the coupled 
model experiments. The annual cycles of the monthly climatology of SST and SIC are constructed using the last 
10 years of CTRL and SIME simulations. The other forcings of CAM5 are fixed at the year 2000 conditions for 
both experiments (Table 1). An ensemble of eight runs of CAM5 has been done by slightly perturbing the initial 
surface temperature for both experiments (Table 2). Four realizations are run for 4 years, and the remaining four 
realizations for 2 years. The first 5 months of the simulations are discarded for spin-up. Sandeep et al. (2018) 
performed similar high-resolution AGCM experiments forced with SST and SIC annual cycles from coupled 

Model Experiment Duration Forcing

CESM1.2.2 (fully coupled) Control (CTRL) 350 years Pre-industrial forcing

CESM1.2.2 (fully coupled) Sea ice melt experiment (SIME) 50 years (branched off from 300th year 
of CTRL experiment

Same as CTRL. In addition, we reduced the 
albedo of sea ice

CAM5 Control (CTRL-CAM5) Four annual cycle runs of 4 years and 
another four annual cycle runs of 
2 years (total of 24 annual cycles)

Year 2000 forcing for GHG, ozone, orbit, 
etc. Annual cycles of SST and sea ice 
concentration (SIC) from the CTRL simulation 
of fully coupled CESM CTRL run. The SST 
and SIC forcing data are created by computing 
monthly climatology from the last 10 years 
(year 341–350) of the fully coupled run

CAM5 Sea Ice Melt Experiment 
(SIME-CAM5)

Four annual cycle runs of 4 years and 
another four annual cycle runs of 
2 years (total of 24 annual cycles)

Same as CTRL-CAM5 except that the SST and 
SIC annual cycles are created from the last 
10 years of fully coupled SIME experiment

Table 1 
Details of the CESM1.2.2 and CAM5 Model Experiments

 23335084, 2022, 9, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2021E

A
002185 by W

yom
ing State L

ibrary, W
iley O

nline L
ibrary on [24/07/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Earth and Space Science

CHANDRA ET AL.

10.1029/2021EA002185

4 of 12

models to investigate the changes in LPS activity in a warming scenario. 
In addition to the CAM5 experiments described in Table  1, we have run 
another set of CAM5 experiments for 4 years in which the preindustrial forc-
ing parameters are used (F1850 forcing), while the SST and SIC boundary 
conditions are taken from the CTRL and SIME simulations of CESM1.2.2. 
This is done to examine the relative effects of preindustrial and current radi-
ative forcing on the CAM5 model's response to the polar sea ice melt and 
associated SST changes.

The horizontal translation of monsoon LPS was explained by the vorticity 
advection mechanism (Boos et al., 2015). We have computed the absolute 
vorticity advection as V.∇ η where V is the horizontal wind vector, and η 
is the absolute vorticity. The absolute vorticity advection is computed over 
500–200 hPa.

We tracked the trajectories of LPS in the CAM5 simulations using Praveen 
et al. (2015) tracking algorithm. This algorithm detects and tracks LPS from 
gridded daily sea level pressure (SLP) data by identifying closed isobars at 
every 1 hPa interval. This algorithm also classifies the LPS according to their 

intensity category based on the pressure depth (ΔSLP). The categorization of monsoon LPS over the Indian 
region is shown in Table 3.

3.  Results and Discussion
The annual climatology of SIC over the Arctic simulated by the CTRL experiment is shown in Figure 1a. The 
northern hemispheric SIC in SIME run declined substantially as compared to CTRL (Figure 1b). The difference 
plot of SIC between SIME and CTRL shown in Figure 1c reveals that there is about a 50% decline in annual 
mean SIC over the Arctic in the SIME simulation, which is in line with the estimates of Liu and Fedorov (2019). 
The southern hemispheric SIC climatology simulated by the CTRL run is shown in Figure 1d. The annual mean 
Antarctic SIC is found to have declined by about 43% in the SIME experiment (Figures 1e and 1f). The annual 
cycles of monthly mean SIC over the Arctic and Antarctic in the CTRL and SIME experiments were computed 
and compared with the CMIP5 historical and RCP8.5 simulations of CESM (Figures 2a and 2b). The summer 
monsoon is sensitive to the SST of the tropical Indian and Pacific Oceans (Webster et al., 1998). The mean boreal 
summer SST response to the polar sea ice melt shows warming over all the ocean basins, with stronger warming 
over the tropical oceans (Figure 3).

The ensemble mean track density of LPS in CTRL runs of CAM5 shows a maximum in the LPS genesis over the 
head Bay of Bengal and adjoining continental India (Figure 4a). Further, the climatological LPS track density 
pattern in the CTRL-CAM5 ensemble has a close match with the earlier high-resolution AGCM simulations 
(Hurley & Boos, 2015; Krishnamurthy & Ajayamohan, 2010; Sandeep et al., 2018; Thomas et al., 2021). The LPS 
track density shows about 23% weakening in the SIME-CAM5 ensemble in comparison to the CTRL-CAM5 runs 
(Figure 4b). The difference plot between the SIME-CAM5 and CTRL-CAM5 shows a north-south dipole-like 
structure in the track density changes, with a strong weakening over the south and a strengthening over the north 

(Figure  4c). The area over which the track density weakens is more than 
double the area over which it strengthens. This indicates an overall weaken-
ing and a northward shift in LPS activity in SIME-CAM5 experiments. It is 
interesting to note that the pattern of changes in LPS track density is a close 
match with that reported by Sandeep et al.  (2018) in their future warming 
projections. This suggests that the response of monsoon synoptic activity to 
the polar sea ice melt is similar to its response to increased radiative forcing.

The declined LPS activity in SIME-CAM5 simulations can be attributed to 
a decrease in the intensity of the storms or a decrease in the storm genesis 
frequency, or a combination of the two. The distribution of ΔSLP of LPS 
indicates the intensity of the storms during their life cycle (Figure 4d). The 
distribution of June–September (JJAS) mean LPS counts in each intensity 

Realizations CTRL SIME

PERT1 4 Years 4 Years

PERT2 4 Years 4 Years

PERT3 4 Years 4 Years

PERT4 4 Years 4 Years

PERT5 2 Years 2 Years

PERT6 2 Years 2 Years

PERT7 2 Years 2 Years

PERT8 2 Years 2 Years

Note. CAM5, community atmospheric model; CTRL, control; SIME, sea ice 
melt experiment.

Table 2 
Details of CAM5 CTRL and SIME Ensembles

ΔSLP (hPa) LPS category

≤2 Low

>2 and ≤4 Depression

>4 and ≤10 Deep depression

>10 and ≤16 Cyclonic storm

>16 Severe cyclonic storm

Note. LPS, low-pressure systems; SLP, sea level pressure.

Table 3 
Categorization of Monsoon LPS Based on Pressure Depth (ΔSLP)
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category shows that the CTRL-CAM5 ensembles simulated a higher number of depressions followed by deep 
depressions and lows. The LPSs in the cyclonic storms and severe cyclonic storms categories are negligible in 
both the experiments (Figure 4e). The SIME-CAM5 shows a decrease in lows and depressions while the deep 
depressions remain the same as in the CTRL-CAM5 ensemble. This suggests that the weakening in LPS activ-
ity in response to polar sea ice melt is contributed by a decrease in the low-intensity systems. Overall, the LPS 
numbers in the CAM5-SIME ensemble decreased by about 22%. The CAM5 simulations performed with F1850 
forcing parameters also show a weakening of monsoon synoptic activity in response to the polar sea ice melt 
(Figure S1 in Supporting Information S1). This suggests that the effects of SIC and SST changes may be driving 
the model response compared to the changes in the background radiative forcing. As a caveat, it is to be noted 
that we have performed only one realization of the CAM5 experiments with F1850 forcing and hence drawing a 
broader conclusion may not be appropriate.

Ditchek et al. (2016) found a relationship between the monthly mean fields of the monsoon and the monthly LPS 
genesis. A weakening in the mean low-level circulation and the associated vorticity in a warming climate was 
attributed to a significant decrease in the monsoon LPS activity simulated by an AGCM (Sandeep et al., 2018). 
The ensemble mean JJAS mean wind vectors and the absolute vorticity at 850 hPa resemble the typical ISM 
low-level flow pattern (Figure 5a). The maximum low-level vorticity is seen over the monsoon trough region, 
extending from northwest India to the head Bay of Bengal. The head Bay of Bengal is the core genesis region of 
monsoon LPS (Sikka, 1977). The wind vectors and absolute vorticity climatology from SIME-CAM5 simula-
tions also show a similar pattern as in the CTRL-CAM5 runs (Figure 5b). To understand the difference between 

Figure 1.  Annual mean climatology of sea ice concentration (SIC) (%) over the Arctic in (a) control (CTRL), (b) sea ice melt 
experiment (SIME) experiments, and (c) the difference in annual mean climatology of SIC over the Arctic between SIME and 
CTRL. (d–f) Same as (a–c), except for the Antarctic SIC. The climatology is constructed using the last 10 years of CTRL and 
SIME runs. Stippling in (c and f) denote the statistically significant (p < 0.05) difference between SIME and CTRL SIC over 
the Arctic and Antarctic, as revealed by a bootstrapping method.
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the two experiments, the difference in the wind vectors and absolute vortic-
ity climatology between SIME-CAM5 and CTRL-CAM5 is computed 
(Figure 5c). The difference plot shows a north-south pattern identical to that 
of LPS track density, with a widespread weakening in the low-level circu-
lation and absolute vorticity over the Bay of Bengal and the Arabian Sea 
and a moderate strengthening over the land region north of the head Bay of 
Bengal. The strengthening of the circulation in the north may be limited by 
the orography. These results suggest that the ISM circulation would undergo 
an overall weakening and northward shift in response to the melting of the 
Arctic and Antarctic sea ice. The changes in ISM low-level circulation and 
absolute vorticity explain the changes in the LPS activity in SIME-CAM5 
experiments. In the CAM5 simulations using F1850 forcing, a weakening of 
the low-level monsoon flow can be seen in response to the polar sea ice melt, 
although the pattern of circulation change is slightly different (Figure S2 in 
Supporting Information S1).

The low-level circulation of the ISM was found to be weakening and shifting 
poleward in a warming climate (Sandeep & Ajayamohan, 2015). Recent stud-
ies indicate that the polar sea ice melt in climate model simulations produces 
climate system response patterns reminiscent of global warming induced by 
GHG emissions (England et  al.,  2020; Liu & Fedorov,  2019). It was also 
suggested that the combined Arctic and Antarctic sea ice melt might account 
for about a third of tropical warming through the response of ocean dynamics 
(England et al., 2020). The pattern of tropical SST warming in the SIME run 
is in line with the arguments of England et al.  (2020) (Figure 3). A closer 
examination of the SST warming patterns reveals that the southern Indian 
Ocean warms stronger than the northern Indian Ocean in SIME simulations 
using the coupled model. This can lead to a weakening of the meridional 
SST gradient that in turn results in the weakening of ISM circulation. The 
relative contributions of Arctic and Antarctic sea ice melt to the response 
of ISM need to be examined by conducting additional experiments. We may 

Figure 2.  Seasonal cycle of sea ice concentration (SIC) over the (a) Arctic 
and (b) Antarctic from the control (CTRL), sea ice melt experiment (SIME), 
historical, and RCP8.5 simulations. The historical (RCP8.5) simulations of 
CESM1.1 for 1981–2000 (2081–2100) period are considered. The bars show 
the difference in SIC between CTRL and SIME experiments.

Figure 3.  June–September mean climatology of sea surface temperature from control (CTRL) simulation (contours; 
unit: °C) and the difference between sea ice melt experiment (SIME) and CTRL simulations (shading). Stippling denotes 
the statistically significant (p < 0.05) difference between SIME and CTRL, as revealed by a bootstrapping method. The 
calculations are based on the last 10 years (year 341–350) of coupled model simulations.
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speculate that the Arctic sea ice melt is the major contributor to the changes in the northern hemispheric summer, 
based on the annual cycle of SIC in the SIME simulation.

Recent evidence suggests an equatorward shift in the ITCZ in response to the Arctic sea ice melt (Deser 
et al., 2015; Liu & Fedorov, 2019). Such a shift in ITCZ can result in a weakening of the cyclogenesis (Ballinger 
et al., 2015; Merlis et al., 2013). We examine the changes in the regional ITCZ over the Indian monsoon region 

Figure 4.  June–September (JJAS) mean, ensemble mean low-pressure systems (LPS) track density (unit: number of LPS per 
grid per season) for (a) CTRL-CAM5 and (b) SIME-CAM5 simulations; (c) ensemble mean difference between SIME-CAM5 
and CTRL-CAM5 track density, (d) JJAS mean distributions of LPS days as a function of pressure depth (ΔSLP) of LPS, 
and (e) category-wise distribution of JJAS mean LPS counts in model simulations. Stippling in (c) denotes the statistically 
significant (p < 0.05) difference between SIME-CAM5 and CTRL-CAM5 LPS track density, as revealed by a bootstrapping 
method. The blue (red) shading in (d) shows the ensemble spread in CTRL-CAM5 and (SIME-CAM5) experiments. The 
error bars in (e) also show ensemble spread (±1 std) in CTRL-CAM5 and SIME-CAM5 runs.

Figure 5.  June–September mean, ensemble mean wind vectors and absolute vorticity at 850 hPa for (a) CTRL-CAM5 and 
(b) SIME-CAM5 simulations, and (c) ensemble mean SIME-CAM5 minus CTRL-CAM5 wind vectors and absolute vorticity 
at 850 hPa. Stippling in (c) denotes the statistically significant (at 95% confidence level) difference between SIME-CAM5 
and CTRL-CAM5 absolute vorticity, as revealed by a bootstrapping method.
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that may explain the decline in LPS activity. The ITCZ can be identified 
as the centroid of maximum precipitation or the latitude of low-level zero 
absolute vorticity (Liu & Fedorov, 2019; Tomas & Webster, 1997). The zonal 
mean ensemble mean July and August absolute vorticity at 850 hPa from the 
CTRL-CAM5 experiments show a change of sign at around 6°N and a maxi-
mum around 20°N (Figure 6a). We chose July and August as it is the peak 
LPS genesis period. The ensemble mean difference in the July and August 
zonal mean absolute vorticity shows a weakening north of about 7°N and a 
relative strengthening in the equatorward region (Figure 6b). This indicates 
a decrease in the convergence over the core LPS genesis region and an equa-
torward shift in the ITCZ.

The mid-tropospheric relative humidity and wind shear are also critical 
parameters that can influence the genesis of cyclonic storms (Gray, 1998; 
Sikka, 1977). Hence, we examined the relative humidity at 500 hPa in the 
CTRL-CAM5 and SIME-CAM5 ensembles for the JJAS season (Figures 7a 
and 7b). The mid-tropospheric relative humidity over the Bay of Bengal in 
both experiments is found to be greater than 70%. The ensemble mean differ-
ence in the 500 hPa relative humidity between SIME-CAM5 and CTRL-CAM 
ensembles reveals a strong decrease in the mid-tropospheric moistening over 
the southern Arabian Sea and the Bay of Bengal in sea ice melt experiments 
(Figure 7c). However, the changes in mid-tropospheric relative humidity over 
the core LPS genesis region are not significant, suggesting that it may not 
contribute to the weakening of LPS activity in CAM5-SIME experiments. 

Figure 6.  July and August mean zonal mean (50°E−100°E) absolute vorticity 
at 850 hPa from (a) CTRL-CAM5 simulations and (b) difference in July and 
August mean absolute vorticity between SIME-CAM5 and CTRL-CAM5 
simulations. The solid line shows the ensemble mean and the shading 
ensemble spread.

Figure 7.  June–September mean, ensemble mean relative humidity at 500 hPa and vertical wind shear (U200 minus 
U850) for (a) CTRL-CAM5 and (b) SIME-CAM5 simulations, and (c) ensemble mean SIME-CAM5 minus CTRL-CAM5 
relative humidity at 500 hPa. (d–f) Same as (a–c), except for the vertical wind shear (U200 minus U850). Stippling in (c 
and f) denotes the statistically significant (p < 0.05) difference between SIME-CAM5 and CTRL-CAM5, as revealed by a 
bootstrapping method.
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The vertical wind shear in CTRL-CAM5 and SIME-CAM5 over the Bay of Bengal is in the range from −10 to 
−20 m s −1 (Figures 7d and 7e). The ensemble mean difference in the vertical wind shear between SIME-CAM5 
and CTRL-CAM5 reveals a significant strengthening of vertical shear over the head Bay of Bengal, which is 
the core LPS genesis region (Figure 7f). This suggests that a stronger vertical shear also has played a role in the 
weakening of LPS activity in SIME-CAM5 experiments.

The propagation of LPS to the deep interior parts of the Indian landmass plays a crucial role in the distribution 
of precipitation during the summer monsoon season. The ensemble mean translation vectors of LPS from the 
CTRL-CAM5 simulations show a north-westward propagation (Figure 8a) that is closely comparable with the 
observed horizontal advection of LPS (Hurley & Boos,  2015; Krishnamurthy & Ajayamohan,  2010; Srujan 
et al., 2021). The LPS propagation in the SIME-CAM5 ensemble is weak and not penetrating to northwestern 
India (Figure 8b). It is found that the frequency of an LPS crossing 20°N and 77°E is reduced by about 56% in the 
CAM5-SIME ensemble. One of the suggested mechanisms of the LPS propagation is the vorticity advection. The 
storm-centered composite of 500–250 hPa averaged absolute vorticity shows a maximum in the southwest quad-
rant of the storm in the CTRL-CAM5 ensemble (Figure 8c) as observed (Hurley & Boos, 2015; Sikka, 1977). 
The advection of absolute vorticity shows a westward propagation that explains to a considerable extent the simu-
lated LPS propagation. In the SIME-CAM5 ensemble, the absolute vorticity and the advection of the absolute 
vorticity associated with the simulated LPS weaken (Figure 8d). This explains the weaker LPS propagation in the 
SIME-CAM5 simulations.

Figure 8.  Top panel: Composites of (a) ensemble mean June–September mean precipitation (shading) and low-pressure 
systems (LPS) propagation vectors from CTRL-CAM5 and (b) difference in precipitation (shading) between SIME-CAM5 
and CTRL-CAM5, and LPS propagation vectors in SIME-CAM5. Stippling shows a statistically significant (at 95% 
confidence level) change in precipitation as revealed by a t-test. Bottom panel: LPS-centered composites of 500–250 hPa 
averaged absolute vorticity (contours; units: ×10 −5 s −1) and absolute vorticity advection (shading; units: ×10 −8 s −2) for (c) 
CTRL-CAM5 and (d) SIME-CAM5 simulations. The coordinates in (c and d) are relative to the LPS center.
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The seasonal mean precipitation climatology in the CTRL-CAM5 ensemble shows a band of nonorographic 
precipitation maxima aligned with the LPS propagation vectors (Figure 8a). A widespread weakening of ISM 
precipitation can be seen in the SIME-CAM5 ensemble, a part of which might be contributed by the weaker 
LPS activity (Figure 8b). An increase in rainfall over eastern and northeastern India is seen in the CAM5-SIME 
simulations. Earlier, Ajayamohan et  al.  (2010) reported an increasing trend in the extreme precipitation over 
continental India due to an increase in the land-based weak LPS. The increase in the LPS track density seen in the 
SIME-CAM5 experiments might be the reason for increased precipitation over eastern India. Also, an increased 
convergence over the land in the SIME-CAM5 ensemble (Figure 5c) can contribute to increased rainfall over 
eastern and northeastern India.

4.  Conclusions
The oceans over the Arctic and Antarctic regions are projected to have ice-free summers toward the end of the 
21st century in simulations of high emission scenarios. The global sea ice melting is shown to affect the tropical 
climate, primarily through ocean dynamics. However, the effect of sea ice melt on major tropical climate systems 
such as the ISM was not understood. We have performed a suite of coupled and uncoupled climate model simula-
tions to understand the impact of global sea ice melt on the ISM synoptic activity. Our results show that the ISM 
circulation would weaken significantly due to the global sea ice melt. Further, the monsoon LPS, responsible for 
more than half of the continental Indian rainfall, weakened and underwent a northward shift in the sea ice melt 
simulations. The changes in the low-level absolute vorticity and vertical shear over the Bay of Bengal explained 
the changes in LPS activity in response to polar sea ice melt. Overall, the changes in ISM circulation and LPS 
activity in response to polar sea ice melt were similar to the changes seen in future warming projections under 
strong emission scenarios. This indicates that the polar sea ice melt might amplify the effects of radiative forc-
ing due to enhanced GHG emissions. Our results clearly suggest that the polar sea ice melt can create a climate 
system response in the deep tropics, with substantial societal implications. In the present study, we have examined 
a scenario in which the sea ice over both hemispheres would melt. However, in the backdrop of the present results, 
it is important to investigate the relative contributions by the Arctic and Antarctic sea ice melt separately.

Data Availability Statement
The CESM-CAM5 model simulations and LPS tracks data (Chandra et al., 2022) can be accessed from https://
doi.org/10.5281/zenodo.6631947.
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