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Abstract

:

Significant changes in the Arctic climate, particularly a rapid decline of September Arctic sea ice has occurred over the past few decades. Though the exact reason for such drastic changes is still unknown, studies suggest anthropogenic drivers, natural variability of the climate system, and a combination of both as reasons. The present study focus on the influence of one of the natural variabilities of the climate system, the teleconnections associated with the Indian Summer Monsoon (ISM), and its relationship to September Arctic sea ice. Using 50 years (1951–2000) of National Center for Environmental Prediction (NCEP)/National Center for Atmospheric Research (NCAR) NCEP/NCAR reanalysis data, APHRODITE precipitation data, Gridded Monthly Sea Ice Extent and Concentration, 1850 Onward, V2, and HadISST sea-ice concentration data, it is shown that during many strong (weak) ISM years, the Arctic sea ice increased (decreased) predominantly over the Chukchi and Beaufort Seas. The ISM plays a significant role in causing a positive (negative) North Atlantic Oscillation (NAO) during strong (weak) ISM years through the monsoon-desert mechanism associated with monsoonal heating. Simultaneously, the NAO during a strong (weak) ISM causes weakening (strengthening) of the Beaufort Sea High (BSH). The strength of the BSH modulates the Arctic atmospheric circulation, advecting cold air and the direction of the transpolar drift stream, both leading to the generation of more (less) sea ice over the Chukchi-Beaufort Sea region during strong (weak) ISM years. The study illustrates a new atmospheric teleconnection between the tropics and the Arctic.
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1. Introduction


The rapid decline of Arctic sea ice during September and its global impact has gained much attention among the scientific community and the public in recent years. Over the past fifteen years, the summer areal extent of the Arctic sea ice reduced by about 40% [1], and the sea ice extent minima after 2001 are below the historical climatological (1981–2012) mean conditions [2]. Among the Arctic regions, exceptional sea ice melt occurs in the Western Arctic over the Chukchi Sea-Beaufort Sea regions [3,4,5]. Many observational and climate modeling studies claim anthropogenic drivers as a reason for the drastic decline of the Arctic sea ice, e.g., [6,7,8,9,10]. However, recent studies [11,12,13,14,15] indicate that the internal variability of the climate system also contributes to the observed trend in the September pan-Arctic sea ice extent decline. But our lack of knowledge about the natural processes within the climate system (internal variability) and the inability of climate models to reproduce these processes accurately [16] lead to uncertainty in determining the exact cause for the rapid decline of the Arctic sea ice. It is observed that the atmospheric and oceanic Teleconnections due to natural climate drivers, like the El Niño Southern Oscillation (ENSO), Pacific Decadal Oscillation (PDO), Arctic Oscillation (AO), and North Atlantic Oscillation (NAO), can affect the western Arctic sea ice on interannual and decadal timescales [5,17]. Observations show that NAO, viewed as the regional manifestation of the large-scale hemispheric mode of variability known as the AO [18,19], can decay the summer sea ice over the Siberian sector and growth of sea ice over the Beaufort Sea region [20,21] during its positive phase. However, the extent of sea ice, its area, and its dynamics depends on the thermal and physical dynamics of the Arctic Ocean system, like the atmospheric and oceanic heat fluxes, prevailing winds, and ocean currents [22]. The wind-driven Beaufort Gyre and the Transpolar Drift are the two prime components of the modern Arctic Ocean [23,24,25] that play a significant role in maintaining the position and circulation of the Arctic sea ice. The strength of the Beaufort Gyre depends on the semi-permanent high-pressure system known as the Beaufort Sea High (BSH), located over the Beaufort Sea region. Usually, the wind field associated with the BSH extends from the Icelandic low to the eastern Arctic, and its location and intensity play a significant role in the rapid Arctic sea ice decline [26]. In September 2007, the Arctic witnessed an extreme low in Arctic sea ice [14]. Studies by [26,27] related it to the presence of anomalously high BSH and anomalous negative Sea level pressure (SLP) over Central North Eurasia that persisted throughout much of the summer. A strong BSH also implies the existence of early summer polynyas in the Chukchi Sea [28]. Consequently, the strength of the BSH and the associated circulation changes play a significant role in the Arctic sea ice variability.



It is a point to apprise that when multiple studies like [11,29,30,31,32] demonstrated the various teleconnections between Arctic sea ice and mid-latitude weather events via the anomalous wave trains, storm track, jet stream location changes, and the variabilities in tropical sea surface temperatures, only very few investigated the relationship between the tropical phenomenon monsoon and the Arctic sea ice, particularly the relationship with the Indian monsoon. The observational [33,34] and climate model simulation [35,36] studies show a strong relationship between spring Arctic sea ice and East Asian summer monsoon. Similarly, past studies indicate that the Arctic sea ice variability influences the ISM. For example, ref. [37] examined the boreal autumn variability of sea ice in the Kara and Barents Seas and found that they strongly influence the subsequent Indian summer monsoon rainfall. Apart from this, focusing on the recent years, since the 1980s, ref. [38] proposed a physical mechanism for the relation between the late-season ISMR extremes and summer sea ice extent in the Kara Sea. All these studies document the influence of Arctic sea ice on monsoon. Correspondingly, some studies illustrated the impact of East Asian and Indian monsoons on Arctic sea ice. One such study is [39], which established the South Asian Monsoon-Arctic sea ice connection during the boreal summer. They examined the impact of extreme rainfall events associated with the South Asian summer monsoon over north-western India and Pakistan on the sea ice variability over the Chukchi-Beaufort Sea region. The study confirmed that the heat fluxes associated with the extreme rainfall events propagated toward central Asia and finally to the Canadian Arctic through the tropical wave train, which carries large-heat-content anomalies from the tropics to the polar latitudes to melt the sea ice over the Western Arctic. Likewise, ref. [40] demonstrated how the distinct and combined effects of the East Asian monsoon and Indian monsoon influence the Arctic sea ice during summer. Their study explained the impact of ISM on Arctic sea ice through the formation of a high over Northern Europe via the Circum Global Teleconnection mechanism that is distinct from the NAO-Arctic teleconnections.



However, it is intriguing to know that there is a resemblance between the variabilities of Arctic sea ice and the ISM. Past studies like [41,42,43,44] did a long-term analysis of ISM rainfall and found a downward trend from the past several decades. Moreover, when [45] showed a weak Indian summer monsoon epoch during 1995–2005, ref. [46] illustrated a decline in Indian summer monsoon rainfall after the late 1990s compared to those years before 1990. These studies are also in accord with the observational studies of [47]. They analyzed ISM rainfall from 1901 to 2018 and demonstrated that after 1994 there were five strong drought years, but hardly any excess ISM years. Now looking at the Arctic sea ice variability, it is engrossing to note that the Arctic sea ice also started displaying rapid decline almost around the same period as that of the ISM. For instance, earlier investigations like [48,49] established that the rapid decline of Arctic sea ice started in the late 1990s. Likewise, ref. [50] indicated that since 1996 the September sea ice extent was less than the 1979–1999 average. Also, ref. [51] demonstrated that the rate of Arctic sea ice retreat since the 1990s is unprecedented and particularly large in the Beaufort and Chukchi Seas. Likewise, observations also indicate that all record lows in the September Sea ice extent occurred after 2000. Consequently, these reflections eventually point that the rapid decline of Arctic sea ice and ISM started concurrently from the late 1990s.



A close examination of all the above studies motivated us to consider whether there is any relationship between ISM and the September Arctic sea ice decline. In this paper, we investigate the possibility of the influence of the interannual variability of the ISM on September Arctic sea ice. The interannual variability of the ISM is affected by various factors such as ENSO [52], Indian Ocean Dipole [53], Eurasian snow cover during winter [54], and NAO [55]. At the same time, it is interesting to know that the NAO affects the Arctic sea ice on an interannual scale and is a predictor for seasonal to decadal-scale variability, and ENSO influences the Arctic sea ice on a multi-decadal scale [13]. However, this paper examines how the strength of the large-scale ISM circulation that results from strong diabatic heating over the monsoon region influences the September Arctic sea ice. To understand the impact of both strong and weak ISM on the September Arctic sea ice, we considered fifty years from 1951 to 2000. This study demonstrates a tropical-polar teleconnection that links the interannual variability of ISM and September Arctic sea ice variability.




2. Data and Methods


To get a better insight into the processes through which the interannual variability of ISM influences the Arctic sea ice, we analyzed 50 years of different datasets for a period from 1951 to 2000. The seasonal (June–September) and interannual (1951–2000) variability of ISM rainfall is calculated using the daily-gridded high-resolution (0.25° × 0.25°) Asia Precipitation—Highly-Resolved Observational Data Integration Towards Evaluation (APHRODITE V1101, ref. [56] of water resources precipitation data. APHRODITE dataset from Japan is extensively used in various monsoon-related studies [57]. The monthly and seasonal (June–September) precipitation anomalies for the central India region (74.5° E–86.5° E, 16.5° N–26.5° N) for the period 1951–2000, are calculated from the daily gridded APHRODITE data, using a 50-year long-term climatology over 1951–2000. The monthly atmospheric parameters (mean sea level pressure, geopotential height, air temperature, horizontal and meridional wind) are taken from the National Center for Environmental Prediction (NCEP, Washington, DC, USA) and National Center for Atmospheric Research (NCAR, Colorado, CO, USA) Reanalysis [58] dataset from the United States, for making the June–September composites of strong and weak ISM years. The NCEP/NCAR monthly atmospheric parameters are widely used in monsoon studies [59,60,61] and Arctic circulation studies [26,27,62,63,64]. Along with these datasets, the study also employs the National Snow & Ice Data (NSIDC) Gridded Monthly Sea Ice Extent and Concentration, 1850 Onward, Version 2 data [65] with a 0.25° × 0.25° grid that provides a long record of Arctic sea ice concentrations. The data employs a blend of historical observations in many forms (ship observations, compilations by naval oceanographers, analyses by national ice services, and others) and passive microwave satellite data. For getting more insight into the sea ice concentration analysis, the study also uses the UK Met Office Hadley Centre Sea Ice and Sea Surface Temperature dataset (HadISST.2.2.0.0 [66]) for the same years. This dataset of 1° × 1° resolution grid that extends from 1850 to the present is widely used in Arctic climatological research [11]. In the analysis, we employ statistical approaches like standardization, composite analysis, correlation, and anomaly computations to identify a precise relationship between the ISM and Arctic sea-ice variability. The composite analysis of sea ice concentration, SLP, and air temperature at 925 hPa in this study has also undergone a significant analysis test to confirm the reliability of the features observed in the composite. For computation, we used the two-tailed test code from NCL (https://www.ncl.ucar.edu/Document/Functions/Built-in/ttest.shtml, accessed on 1 March 2022).




3. Results and Discussions


3.1. Interannual Variability of the ISM and the Summer Arctic Sea Ice


The ISM is an essential component of the global monsoon system, characterized by exceptionally powerful inter-hemispheric moisture transport from the southern subtropical Indian Ocean to the Indian subcontinent. The intensity and seasonality of the ISM significantly affect the Indian subcontinent and is crucial for the well-being of one-sixth of the world population. Over 70% of the annual rainfall in India occurs during the summer monsoon season (June to September (JJAS)). A well-known fact about the ISM is that even though ISM exhibits regularity in its occurrence, it shows large year-to-year variability in the amount of rainfall received. These inconsistencies in the seasonal rain due to the vagaries of the monsoon cause droughts and floods over different parts of India. That type of extreme event adversely affects the socio-economic status of the country. Another conspicuous feature of ISM precipitation is that when the climatological mean and variance of the daily summer monsoon rainfall exhibit significant spatial variability across different parts of India, the mean and standard deviation of precipitation over central India (74.5° E–86.5° E, 16.5° N–26.5° N) seems to be spatially uniform or homogeneous [67]. So in this study, the interannual variability of central India precipitation is analyzed. With the standardized area-averaged central India precipitation anomalies (r) for the period 1951–2000, Figure 1 illustrates the interannual variability of the ISM.



A close examination of the time series shows that 1951–2000 period witnessed 11 strong monsoon (r > 0.8) years {1955, 1956, 1959, 1961, 1970, 1975, 1978, 1980, 1983, 1990, and 1994} and 7 weak monsoon (r < −0.8) years {1965, 1966, 1968, 1972, 1974, 1979, and 1987}. During boreal summer, one of the major monsoon heat sources is over the Indian subcontinent [68]. Tropical heat sources normally correspond to regions of heavy rainfall accompanied by the tremendous release of latent heat from deep tropical convection. An important feature of these tropical heat sources is that they remotely influence ocean basins and continents through teleconnections [69,70].



Our study investigates the possibility of Teleconnections between the ISM and the variability of Arctic sea ice. Hence as a preliminary step, we examine the pattern of Arctic sea ice during the strong and weak ISM years. Figure 2 and Figure 3 demonstrate the sea ice concentration anomalies of September Arctic sea ice from the NSIDC Gridded Monthly Sea Ice Extent and Concentration, 1850 Onward, Version 2 data. It is engrossing that out of the 11 strong monsoon events, a majority of 8 strong monsoon years {1955, 1956, 1970, 1975, 1978, 1980, 1983, and 1994} co-occur with more sea ice over the Chukchi Sea–Beaufort Sea region and less over the Laptev Sea (Figure 2). At the same time, out of 7 weak monsoon events, 6 of them show a decreased sea-ice over the Chukchi-Beaufort Sea region and an increase over the Laptev Sea region (Figure 3).



To get more proof for confirming the validity of the observed features of the sea ice concentration anomalies during the strong monsoon years {1955, 1956, 1970, 1975, 1978, 1980, 1983, and 1994} and weak monsoon years {1966, 1968, 1972, 1974, 1979, and 1987} we carried out composite analysis for both cases (Figure 4a,b). To show the contrast between the two cases, we first carried out the difference between the two cases and applied a t-test at a 95% confidence level (Figure 4c) [For the computation of statistical significance, we used the function from NCL that hypothesis that the two sample means (here, the sea ice concentration anomalies of strong and weak ISM years) are from the same population. So here, we considered six-strong ISM years (1955, 1970, 1975, 1980, 1983, and 1994) and six weak ISM years (1966, 1968, 1972, 1974, 1979, and 1987) each. The output of these computations represents the statistically significant estimates. The same method has been followed in the calculation of other parameters also]. The shaded regions in the Figure 4c confirms that the features observed in the case of sea ice anomalies during strong and weak ISM years, over the Chukchi-Beaufort Sea regions are valid and are statistically significant. Thus, the analysis related to ISM rainfall and sea ice (Figure 1, Figure 2, Figure 3 and Figure 4) demonstrates that during the strong (weak) ISM years, the September sea ice concentration over the Chukchi-Beaufort Sea enhances (reduces), and the opposite, is observed over the Eastern Arctic. We also checked the sea ice concentration anomalies with a different dataset. We executed a composite analysis for the September sea ice concentration anomalies for the same strong and weak ISM years using the HadISST.2.2.0.0 sea ice and sea surface temperature dataset. The same features are observed here also (See Supplementary Materials, Figure S1). Thus, in general, the analysis reveals that many of the Strong (Weak) ISM years co-occurred with more (less) sea ice over the Western Arctic and less (more) over the Eastern Arctic.



Even though investigating the impact of other large-scale ocean-atmosphere processes that can modulate the ISM is beyond the scope of this paper, we checked the summer Pacific sea surface temperature variability [see National Oceanic and Atmospheric Administration (NOAA), Washington, DC, USA, https://origin.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ONI_v5.php, accessed on 20 November 2021] associated with El Niño. It is a well-known fact that El Niño has an inverse relation with ISM [71]. During the weak ISM years, we noticed that except for 1965 and 1987, all other years turned out to be non-El Niño years. Thus, all these analyses indicate that sea ice over the Chukchi-Beaufort Sea region enhances (weaken) during strong (weak) ISM years. Eventually, this finding prompted us to check whether the interannual variability of ISM has any role in inducing the variability of sea ice in the Arctic, particularly over the Chukchi-Beaufort Sea region.




3.2. ISM–NAO-Arctic Sea-Ice Interactions and Teleconnections


In the Northern Hemisphere, climate variability largely depends on natural variations in sea-level pressure (SLP). To understand and establish the link between ISM and Arctic sea ice during summer, we examined the mean SLP anomaly composites of strong and weak ISM years (Figure 5).



During strong ISM years (Figure 5a), anomalous high-pressure prevails over the regions extending from the Mediterranean-Sahara region to the Northern subtropical Atlantic with closed centers over the Azores (also known as the North Atlantic subtropical anticyclone [72]), British Isles-Scandinavian region, Eastern Eurasia, and the North Pacific subtropical high regions. The high observed over the northern Pacific is consistent with the findings of [73,74], that the North Pacific subtropical high during summer is a Kelvin wave response to the Asian monsoon heat source. Simultaneously, negative anomalies occupy the Greenland-Iceland region. The anomalous centers of highs and lows observed over the Atlantic basin depict the typical features of the positive phase of summer NAO [75]. The SLP over the entire Arctic weakens with clear centers of low-pressure anomaly over the Beaufort Sea and central North Eurasia. On the other hand, it is pretty intriguing to perceive that the weak ISM years (Figure 5b) exhibit features) opposite to that of the strong ISM years. During weak ISM years, the entire Arctic SLP strengthens, and closed highs (lows) appear over the Beaufort Sea and Greenland (Mediterranean-Sahara region, Azores region, British Isles-Scandinavian, and the North Pacific subtropical region). All these regions of high and low observed in the composite are also statistically significant (Figure 5c). Thus the most vital information gained from Figure 5 is the presence of the positive (negative) phase of NAO during strong (weak) ISM. To confirm the significance of these patterns, a correlation (Figure 6) between the standardized precipitation anomaly index of the central India region and standardized anomalies of SLP for the period 1951–2000 is carried out.



Consistent with the sea-level pressure anomalies, it is appealing to see significant (shading denotes statistically significant regions) positive (negative) correlations over Mediterranean-Sahara, Azores, British Isles-Scandinavia, and the North Pacific subtropical high regions (Greenland-Iceland and the Beaufort Sea) regions. The correlation and SLP analyses suggest that the ISM affects the Arctic atmospheric circulation remotely and that the NAO plays a significant role in this teleconnection. The exact reasons for the NAO variability are not yet well understood. Still, on the synoptic scale, [76] concluded that breaking of the upper-level Rossby waves is responsible for the NAO anomalies with anticyclonic (cyclonic) breaking leading to the positive (negative) phase of NAO events. This naturally raises the question: does the ISM affect the phase of the NAO?



To comprehend the influence of ISM on NAO, we examined the upper-level and lower-level velocity potential (a proxy for the Walker circulation) and wind divergence (Figure 7). The strong ISM composite displayed in Figure 7a shows the lower level (1000 hPa) convergence over the monsoon trough region arising from ISM-induced large-scale heating and convection. At the same time, the coexistence of the anomalous divergence extending from the Eastern Mediterranean-Sahara region to the Azores/North Atlantic subtropical high region is also visible. Following the wind divergence, the velocity potential also clearly shows the region of high pressure over the North Atlantic and Eastern Mediterranean-Sahara region.



Similarly, the upper level (200 hPa) exhibits the reverse features with strong divergence (Figure 7b) over the monsoon trough region and convergence over the Mediterranean-Sahara region and Azores/North Atlantic subtropical high region. These circulation features demonstrate the vital role of ISM in enhancing the divergence over the Atlantic subtropical high through the monsoon forced descent induced by the monsoon-desert mechanism. The monsoon-desert mechanism proposes that the diabatic heating associated with the ISM induces Rossby wave excitation towards the west and interacts with the mid-latitude westerlies to result in strong descent with high subsidence over the Eastern Mediterranean-Sahara and Atlantic subtropical high regions [77]. At the same time, the strength of the descent is related to the monsoon intensity [74]. These regions of descent are distinctly visible in the strong ISM composite (Figure 7a). The positive velocity potential region (also the region with a strong lower-level divergence) extends from the Mediterranean-Sahara region to the mid-latitudes of the North Atlantic, including the British Isles-Scandinavia region and coincides with the features of the positive phase of summer NAO. In the case of weak ISM years, the lower (Figure 7c) and upper (Figure 7d) levels exhibit features opposite to that of the strong ISM years. Thus, the intensity of the ISM during JJAS affects the strength of the southern lobe of the NAO during summer and modifies the phase of the NAO by causing positive (negative) NAO during strong (weak) ISM. As seen in Figure 8, the impact of SLP variability is reflected in the lower tropospheric Arctic temperature. The composites of lower tropospheric (925 hPa) temperature anomalies during strong (weak) ISM are presented in Figure 8a,b respectively, while its difference with statistically significant (95%) region shaded is shown in Figure 8c.



In the case of strong ISM years, strong cooling exists over the Chukchi-Beaufort Sea region and anomalous warming over the Laptev Sea-East Siberian Sea region. Strong cooling results from the weakened BSH, which reduces warm-air advection and thus the local temperature and promotes sea-ice growth. The reverse features (warming over the Chukchi Sea-Beaufort Sea region) observed during the weak ISM years can be attributed to the presence of a strong BSH accompanied by sea-ice melt due to the warm air advection, as seen in the case of anomalous Arctic sea ice melt during 2007 [5,78].



Our next task is to unravel how the ISM-induced atmospheric circulation changes in the North Atlantic affect the Arctic atmosphere and the wind-induced sea-ice circulation. For that, we examine the anomalous low-level (850 hPa) geopotential height and streamlines (Figure 9). The geopotential height and circulation anomalies (Figure 9a) in the case of strong ISM years indicate the presence of a weak BSH and a high over Eastern Siberia. The BSH weakening is a typical feature during the positive phase of NAO [79], and this is also apparent in Figure 5a. High pressure over the eastern Arctic and low pressure over the western Arctic generate a pressure gradient between the two regions. As a result, the associated wind anomaly produces an anticlockwise ice drift motion anomaly in the eastern Arctic. The transpolar drift stream anomalously transports sea ice from the Laptev Sea towards the Chukchi Sea-Beaufort Sea region before its exit through the Fram Strait. So in strong ISM years, in addition to more sea-ice growth due to a cold air-temperature anomaly (Figure 8a), we also see more sea ice in the Chukchi Sea and the Beaufort Sea due to a wind-transport anomaly (Figure 9a).



During weak ISM years (Figure 9b), the direction of the atmospheric circulation changes in the Arctic due to the negative phase of NAO and strengthened BSH. In this case, the pressure gradient is between the BSH and the low-pressure over the Scandinavia-North Sea region. As a result, the sea ice flows directly towards the Fram Strait and hence there is a decrease in sea ice over the Chukchi Sea and the Beaufort Sea. Therefore, as the analysis demonstrates, the ISM-induced North Atlantic atmospheric circulation has a significant role in modulating the summer Arctic atmospheric circulation, sea-ice drift, and concentration.





4. Conclusions


This paper focuses on the importance of one of the natural climate drivers of the globe, namely atmospheric teleconnections, and how they link the tropics with the Arctic. The study’s main objective is to understand the influence of the interannual variability of the ISM on September Arctic sea ice variability, particularly over the Chukchi and the Beaufort Sea regions. Fifty years (1951–2000) of datasets from various sources (NCEP-NCAR reanalysis, APHRODITE precipitation, and sea ice concentration from NSIDC Gridded Monthly Sea Ice Extent and Concentration, 1850 Onward, V.2.2 and HadISST.2.2) are analyzed. The results illustrate that the ISM influences the sea-ice concentration over the western Arctic (Chukchi Sea-Beaufort Sea region) and the eastern Arctic (Laptev Sea-East Siberian Sea region). The research provides a physical basis for how the ISM’s interannual fluctuation affects Arctic sea ice (Figure 10).



During strong (weak) ISM years, the monsoon-desert mechanism due to the diabatic heating associated with the ISM affects the phase of the NAO during summer by generating enhanced (reduced) pressure along the Mediterranean-Sahara region to the subtropical North Atlantic. The positive (negative) phase of NAO during strong (weak) ISM years, in turn, causes weakening (strengthening) of the BSH, modulates the atmospheric and sea-ice circulation in the Arctic, and generates more (less) sea ice over the Beaufort Sea-Chukchi Sea region. The increase (decrease) in sea ice is partly due to a cold (warm) air-temperature anomaly in the region, as well as a cyclonic (anticyclonic) wind transport anomaly. The research emphasizes the ISM’s far-reaching effect on the summer Arctic climate and provides a novel teleconnection link between the tropics and the Arctic.



In this study, we confined our investigation on the interannual variability of the Arctic sea ice in concern with the strength of ISM by considering strong and weak ISM years to a period of fifty years from 1951 to 2000, leaving the most dramatic Arctic sea ice decline period after 2000. The results from our study showed that the strength of the ISM plays a significant role in the interannual variability of summer Arctic sea ice during the 1951 to 2000 period. The past ISM variability studies like [47] analyzed the summer monsoon rainfall data from 1901 to 2018 and found that beyond 1994 the number of weak/deficit years was more. But none of the years turned out to be a strong/excess monsoon year (Figure 3.1.b in [47]). Simultaneously, the studies like [45,46] showed that the ISM started to decline by the mid-1990s. Besides this, several studies [80,81,82] indicated that NAO underwent a neutral or negative phase after the mid-1990s, and the NAO index for boreal summer (JJAS) (https://climatedataguide.ucar.edu/sites/default/files/nao_station_monthly.txt, accessed on 28 February 2022) season also is in agreement with these studies. A summary of these studies makes us speculate that among the many reasons, the weakening of ISM and an increase in the extreme rainfall events over the regions of Pakistan and northwest India from 2005 can also be a reason for the rapid Arctic sea ice decline after 2000. But further studies using climate model simulations and analysis are required to confirm this assumption. So our subsequent research is to investigate the 2001-present period to know about the validity of this assumption and check the feasibility of ISM as a predictor for Arctic sea ice variability, reasons for the ISM and NAO weakening, and the feedback mechanisms related to this study.
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Figure 1. Time series of JJAS standardized area-averaged precipitation anomaly index for the central India region (74.5° E–86° E, 16.5° N–26.5° N). Climatology is based on the APHRODITE precipitation dataset (1951–2000). 
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Figure 2. September Arctic sea ice concentration (%) anomalies during strong ISM years. Climatology is over the period 1951–2000. 
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Figure 3. September Arctic sea-ice concentration (%) anomalies during weak ISM years. 
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Figure 4. Composites sea ice concentration anomalies for (a) strong ISM years (b) weak ISM years, and (c) the difference between (a,b) with statistically significant regions shaded at a 95% significance level. 
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Figure 5. Composites of JJAS (June–September) sea-level pressure (hPa) anomaly (a) strong ISM years, (b) weak ISM years, and (c) the difference between (a,b) with statistically significant regions shaded at a 90% significance level. 
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Figure 6. The spatial pattern of correlation between standardized JJAS area-averaged central India precipitation anomaly index and JJAS standardized global mean sea-level pressure anomalies for the period 1951–2000. Statistically significant (90%) regions are shaded. 
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Figure 7. Composites of JJAS Velocity potential anomalies (1 × 106 m2 s−1, shading) and divergent wind anomalies (vectors, ms−1) for strong (left panel, (a,b) and weak (right panel, (c,d)) ISM years. Upper panel corresponds to 1000 hPa and lower level corresponds to 200 hPa level. 
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Figure 8. Composites of JJAS temperature anomalies (°C) at lower troposphere (925 hPa) (a) strong ISM years, and (b) weak ISM years, and (c) the difference between (a,b) with statistically significant regions shaded at a 95% significance level. 
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Figure 9. Composites of JJAS anomalies of 850 hPa geopotential height (m) (shaded) and streamlines (a) strong ISM years (b) weak ISM years. 
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Figure 10. Schematic of the physical mechanism illustrating the link between ISM and Arctic Sea ice. 
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