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A possible relation between Arctic sea ice and late season
Indian Summer Monsoon Rainfall extremes
Sourav Chatterjee 1,2✉, Muthalagu Ravichandran 1, Nuncio Murukesh1, Roshin P. Raj3 and Ola M. Johannessen4

The out-of-phase inter-decadal co-variability between summer (JJA) sea ice extent (SIE) in the Kara Sea (KS) sector of the Arctic
Ocean and Indian Summer Monsoon Rainfall (ISMR) is found to be weakened during the recent decades with rapidly declining SIE
in the KS (since the 1980s). However, SIE in the KS and frequency of ISMR extremes are found to have a consistent out-of-phase
relation during the rapidly declining SIE periods. A possible physical mechanism for the relation between the late-season ISMR
extremes and summer SIE in the KS is suggested, focusing on the recent years since the 1980s.
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INTRODUCTION
The Indian Summer Monsoon Rainfall (ISMR) is the major source of
drinking water to more than a billion people, owing to its roughly
70% contribution to the annual precipitation. The variability in it has
a direct impact on agriculture and thus strongly influences the
national economy. The increasing frequency of extreme ISMR
events1,2, causing severe flooding and huge socio-economic
challenges, demand adequate adaptation and mitigation strategies.
Understanding both the local driving factors and remote tele-
connections of extreme ISMR events is key for better assessment
and improved future projections of extreme ISMR events at different
time scales. This is in particular of great importance given that in a
warmer climate, the climate models project further increase in the
frequency of ISMR extremes3.
Although a considerable amount of studies have been

conducted on northern hemisphere mid-latitude teleconnections
to ISMR, only a few of those have identified linkages between
ISMR and sea ice in the Arctic. Krishnamurty et al. 4 proposed that
a large amount of heat, released in the atmosphere during
extreme rainfall events over northwest India, ultimately travels to
the Canadian Arctic region causing significant sea ice loss. It is
further noted that the amount of sea ice concentration (SIC)
variability in the Arctic due to the Rossby wave train generated
from East Asian Summer monsoon and Indian Summer Monsoon
together is comparable with the SIC variability induced by Arctic
Oscillation5. On the other hand, while the effects of Arctic sea ice
changes on the mid-latitudes are still debated6,7, it is often argued
that concurrent increase in mid-latitude extreme weather events
is associated with ‘Arctic Amplification’ induced changes in sea ice
conditions8. A recent study further suggests that the impact of
projected future sea ice changes in the Arctic can also reach the
tropics9. Since the beginning of the satellite records in 1979, the
Arctic sea ice extent (SIE) has been consistently declining at a very
alarming rate with the largest trend of 12.9 ± 2.2% per decade in
September and about 4.4% per decade in annual mean6.
However, it is still unclear if this rapid sea ice decline can
influence the tropical extremes, or in particular the extreme
rainfall events during ISMR.
Here, we investigate the Arctic sea ice and ISMR relation for the

last ~100 years. The specific focus of the study is on the Kara Sea

(KS) SIE, which is argued to have a strong influence on the lower
latitudes10. Further, the KS is one of the regions with the largest
summer sea ice loss causing strong seasonal variability in sea ice
cover and heat fluxes to the atmosphere6,11. A possible physical
mechanism for the effect of SIE variability in the KS on ISMR
extremes is also proposed.

RESULTS AND DISCUSSION
Long-term variability of ISMR and sea ice in the KS
The multi-decadal variability of SIE in the KS during summer (JJA)
and ISMR (JJAS) in central India (19o–26oN; 75o–85oE) is shown in
Fig. 1a. Rapid decline of SIE is observed since the 1980s, and
during the Early Twentieth Century Warming period (ETCW,
1920–1940); the time period which exhibited rapid warming of the
surface air temperature (SAT) with reduced SIE in the Arctic
Ocean12,13 and followed by an increase in SIE. The mean ISMR
showed an opposite phase co-variability with an increasing trend
during the ETCW and a subsequent decrease. However, during the
recent rapid SIE decline since 1980, mean ISMR does not show a
similar opposite phase co-variability. The correlation between the
time series of JJA SIE in the KS and mean ISMR rainfall, as shown in
Fig. 1a, reduces from −0.6 (p < 0.01) during 1901–1979 to 0.1 (p >
0.1) for the period 1980–2016. It should be noted here that the
mid-latitude natural climate variabilities, e.g., Atlantic Multidecadal
Oscillation (AMO), Pacific Decadal Oscillation (PDO), are argued to
contribute to the warming in the Arctic during ETCW14,15. Further,
their potential influence on multidecadal variability of ISMR is also
known16–18. On the contrary, the recent warming trend in the
Arctic is mostly driven by anthropogenic forcing13,19. Thus, it can
be argued that the observed out-of-phase co-variability in SIE and
ISMR during ETCW is mostly driven by the mid-latitude natural
climate variabilities (e.g AMO, PDO), whereas the differential
response of those to anthropogenic forcing induced warming
could possibly have affected the mid-latitude control on their
relation. Interestingly, the frequency of ISMR extremes (defined as
number of grid points in central India with daily rainfall > 150 mm
day−1) is found to have a consistently increasing trend with
declining SIE during both ETCW and recent warming since the
1980s. During these periods the correlation between JJA SIE in the
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KS and frequency of IMSR extremes, as shown in Fig. 1a, shows a
very high correlation (r=−0.9, p < 0.01 during 1920–1940 and r=
−0.8, p < 0.01 during 1980–2016). To further analyse this relation
and the possible physical mechanism for this, we next focus on
the recent warming period since 1980, when the reanalysis
products are of considerably better quality than earlier periods.
This would also allow us to delineate the possible mechanisms
associated with rapidly increasing ISMR extremes in absence of
any prominent change in the mean ISMR trend.

Possible mechanism for the KS SIE influence on ISMR extremes
The intra-decadal variability of the frequency of extreme rainfall
events during September is shown in Fig. 1b. We found the intra-
decadal out-of-phase co-variability between JJA SIE in the KS and
frequency of extreme ISMR rainfall is most robust during the later
phase of ISMR (Fig. S1), particularly during September. This
prompted us to identify the episodes with increased (P1:
1992–1997 and P2: 2004–2010) and reduced (N1: 1986–1991
and N2: 1998–2003) frequency of September extreme events in
Central India as marked in Fig. 1b (see the figure caption for
details). We then performed a composite analysis for those years
to obtain further insights on the possible physical mechanism

responsible for the observed relation between SIE in the KS and
frequency of September extreme events over central India
(hereafter referred to as ‘extreme events’ only for brevity).
Considering the relatively longer memory of sea ice than the
atmosphere, it can be expected that the atmospheric response to
the changes in JJA sea ice is realized in successive months. Thus
we performed the composite analysis based on averaged monthly
anomalies during August–September.
To obtain the spatial pattern of sea ice changes associated with

the variability in extreme events we plotted the averaged
difference in SIC between years with increased and reduced
frequency of extreme events (Fig. 1c). The analysis suggests
significant negative SIC anomalies, with maximum magnitude in
the KS region, associated with increased frequency of extreme
events. The changes in surface heat flux due to reduced sea ice
can potentially influence the atmospheric conditions20. Consistent
with the SIC pattern, the largest contribution in heat flux to the
atmosphere (negative values in Fig. 1d) is observed in KS region
indicating the potential importance of the KS sea ice to influence
the overlying atmospheric conditions.
Next, we investigated the KS sea ice-induced large-scale circula-

tion anomalies associated with the variability in extreme events.
Figure 2a shows the averaged difference in upper level (200 hPa)

Fig. 1 Observed relation between SIE, SIC in the Kara Sea (KS), and ISMR. a SIE (105 sq. km) during JJA in the KS region of the Arctic Ocean
(blue line, note that the scale is reversed), number of grid cells in central India (19oN–26oN; 75oE–85oE) with rainfall exceeding 150mmday−1

during JJAS (red line), averaged rainfall over central India during JJAS (black line). All time series are smoothed with 11-yr running mean.
b Anomalies in number of grid points in central India (19oN–26oN; 75oE–85oE) with rainfall exceeding 150mmday−1 during September. The
time series is generated by removing the time mean (for 1980–2017) of number of grid points satisfying the above criteria from the respective
individual year values, smoothing with a 5-yr running mean, and finally detrended and normalized. Episodes of increased (red shaded)/
reduced (blue shaded) September extreme rainfall years are identified when the time series is positive/negative for at least five consecutive
years. c Averaged difference in anomalous JJA sea ice concentration (%) between years with the increased (P1: 1992–1997 and P2: 2004–2010)
and reduced (N1: 1986–1991 and N2: 1998–2003) extreme rainfall years in September. d Same as in (c) but for turbulent heat flux (latent+
sensible, Wm−2). Significant differences at 90% are dashed in (c) and (d). Barents Sea (BS) and Kara Sea (KS) regions are marked in (c).
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geopotential height (GPH) anomaly during August–September,
between the increased and reduced extreme events years.
Significant positive GPH anomaly over northwest Europe can be
noticed, depicting an anomalously strong Euro-Atlantic blocking-
like pattern. Simultaneous strengthening of sub-tropical high over
East Asia (Fig. 2a), an important upper atmospheric feature
favourable for ISMR21, is also found.
The warming in the Arctic and resulting sea ice loss has been

widely argued to influence the mid-latitude weather patterns
through altering the jet stream characteristics due to reduced
pole-midlatitude temperature gradient (see Cohen et al. 22 and
references therein). However, to what extent Arctic sea ice loss is
responsible for altering the jet stream characteristics is still being
debated23. A recent modelling study suggests a combined effect
of the Arctic sea ice loss and Eurasian snow cover can induce
blocking high events over Europe through anomalous Eurasian
wave train24. Nonetheless, the significantly weakened zonal flow
with increased meridionality (Fig. 2b, c) can induce favourable
conditions for anomalous high over northwest Europe during
reduced sea ice years in the KS. Further, it has been argued that
the dynamical response of the atmosphere to reduced sea ice and
surface warming in the Arctic can be important during summer25.
An anomalous meridional circulation is established with an

ascending branch over the warm Barents/KS region and
descending branch over northwest Europe (Fig. 2d). This can
further result in anomalous high over northwest Europe and warm
the SAT (Fig. S2).
Analysis of the eddy stream function and Rossby wave

activity flux during years with increased and reduced extreme
events (Fig. 3) suggests propagation of Rossby wave trains
from northwest Europe towards East Asia, influencing the sub-
tropical high over East Asia. The wave trains show two major
pathways; the first one zonally propagates eastward locked
around 60oN latitude and the other one moves southward from
Europe before diverting towards the east and reaching the East
Asian region. Associated eddy stream functions along this
pathway are also notable in Fig. 3, consistent with the GPH
anomalies as observed in Fig. 2a. Note that a similar path had
been earlier attributed to linking the Arctic Oscillation-induced
anomalies and the tropical Indian Ocean precipitation during
winter26.
The above findings suggest a plausible physical mechanism

through which sea ice anomalies in the KS region can potentially
influence the sub-tropical high over East Asia. In short, reduced
SIE in the KS can induce anomalous high over northwest Europe,
which triggers a Rossby wave train and induces positive upper-level

Fig. 2 Atmospheric circulation patterns associated with increased frequency of extremes rainfall events in September over central India.
a Averaged difference between years with the increased (P1: 1992–1997 and P2: 2004–2010) and reduced (N1: 1986–1991 and N2: 1998–2003)
extreme rainfall years in September for 200 hPa (a) geopotential height (m, shaded), wind (m s−1, vectors), velocity potential (106 m2 s−1,
contours) anomaly during August–September. Only vectors with magnitude >2m s−1 and negative velocity potential (indicating divergence)
contours (black contour indicates the zero velocity potential contour; contour interval: 0.05) are shown for clarity. b, c Same as (a) but for (b)
zonal wind anomaly (m s−1) and (c) meridional wind anomaly (m s−1). d Averaged difference in anomalous meridional circulation averaged
over 30o–60oE between years with the increased (P1: 1992–1997 and P2: 2004–2010) and reduced (N1: 1986–1991 and N2: 1998–2003)
extreme rainfall in September. All the monthly anomalies are calculated based on 1979–2017 monthly climatology. Significant differences at
90% level from two-tailed t-test are dotted in (a)–(c). The vertical velocity component in (d) is multiplied by 1000 to scale with the
v-component.
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GPH anomalies over the East Asian region. However, the upper-
tropospheric anomalies thus established in the East Asian region
cannot alone cause the extreme events over central India as they
require a sufficient amount of lower atmospheric moisture supply
into the region. We found that the anomalous circulation due to
strengthened East Asian sub-tropical high induces upper-level
divergence over northwest–central India (dashed contour lines in
Fig. 2a) during years with increased extreme events. This can further
favour the development of cyclonic circulation at the low level.
Warm sea surface temperature anomaly in the northwestern
Arabian Sea (Fig. S3) along with the upper-level divergence results
in the development of anomalous cyclonic circulation at the surface
(Fig. 4). Associated with this, enhanced convection can be realized
from the anomalous upward vertical velocity over the central Indian
region (Fig. 4). Further, it should be noted that the anomalous
cyclonic circulation and enhanced convection may not be enough
to result in extreme precipitation unless there is an adequate
amount of moisture available in this region. In fact, it is known that
moisture supplied predominantly from the Arabian Sea plays an

important role in causing extreme precipitation events in central
India2. The anomalous cyclonic circulation, as observed in Fig. 4,
strengthens the westerlies over the Arabian Sea and causes
enhanced moisture convergence over central India (Fig. S4).
Analogous opposite phase circulation features as described above
can be found during years with reduced extreme events. Thus, we
propose that the superimposition of the upper (induced by SIE
changes in KS) and lower level (induced by warm SST anomalies in
northern Arabian Sea) circulation anomalies can potentially favour
extreme rainfall events over central India during the late ISMR
season (Fig. 5).
In summary, our results indicate (1) since the 1980s, rapidly

declining summer SIE in the KS region exhibits a more robust
relationship with the frequency of ISMR extremes, compared to
mean ISMR intensity; (2) extreme precipitation events in central
India during the late phase of ISMR season can be explained by
the combined effect of the upper atmospheric circulation
anomalies resulting from reduced SIE in the KS region and low-
level circulation anomalies over west-central India supported by

Fig. 4 Effect on circulation changes over the Monsoon region. Vertical velocity anomaly (shaded, Pa s−1) and 850 hPa wind anomalies
(vector, m s−1) during September for a increased (P1: 1992–1997 and P2: 2004–2010) and b reduced (N1: 1986–1991 and N2: 1998–2003)
extreme rainfall in September over central India. Vectors with magnitude >0.2 m s−1 are shown for clarity.

Fig. 3 Pathways of large-scale circulation anomaly propagation during ISMR extremes. Eddy stream functions (shades, 106 m2 s−1) and
Rossby wave activity flux (contours, m2 s−2) as in Takaya and Nakamura (2001)27 during August–September averaged for years with (a)
increased (P1: 1992–1997 and P2: 2004–2010) and (b) reduced (N1: 1986–1991 and N2: 1998–2003) extreme rainfall in September over central
India. Vectors with magnitude >0.1 m2 s−2 are shown for clarity.
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warm SST anomalies in the north-western Arabian Sea. The
extent of sea ice contribution to developing the large-scale
upper-level circulation anomalies and their role in favouring
ISMR extremes need to be studied in further detail with a
combination of observation and modelling studies, given that
they often diverge in conclusions on extra-polar impacts of Arctic
sea ice changes7.

METHODS
Identification of extreme rainfall events
The frequency of extreme events over central India is defined by a number
of grid cells in central India (19oN–26oN; 75oE–85oE) with daily rainfall
exceeding 150mmday−1 for the respective time period of each year2. The
intra-decadal variability of anomalies in frequency events is computed by
removing the time mean (for 1980–2017) of frequency events from the
values of individual years and then smoothing by a 5-yr running mean.
The resulting time series is finally detrended and normalized to identify the
episodes of increased (positive values) and decreased (negative values)
frequency of extreme events.

Eddy stream function, velocity potential
Eddy stream function (ψ) and velocity potential anomaly (φ) at 200 hPa are
defined as

∂ψ

∂x
¼ v0;

∂ψ

∂y
¼ �u0 (1)

∂φ

∂x
¼ �u0;

∂φ

∂y
¼ �v0 (2)

where u0 and v0 are zonal and meridional wind anomalies at 200 hPa level.

DATA AVAILABILITY
The long-term multi-source SIE data is obtained from https://nsidc.org/data/G10010/
versions/2. It provides the SIE records from 1850 onward until 2017. Sea ice
concentration from Nimbus-7 SMMR and DMSP SSM/I-SSMIS passive microwave product

is used for the period 1979–2017 (https://nsidc.org/data/NSIDC-0051/versions/1).
The gridded daily ISMR data on 0.25o × 0.25o spatial resolution (http://www.imdpune.
gov.in/Clim_Pred_LRF_New/Grided_Data_Download.html) is obtained from Indian
Meteorological Department. All monthly mean atmospheric and oceanic variables are
taken from ECMWF-ERA5 and ORAS5 datasets and obtained from https://cds.climate.
copernicus.eu/ and http://apdrc.soest.hawaii.edu/index.php, respectively.

CODE AVAILABILITY
All the codes used here are available from the corresponding author on reasonable
request.
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