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Disentangling increasing
compound extremes at regional
scale during Indian summer
monsoon

Ravi Kumar Guntu & Ankit Agarwal™

Compound extremes exhibit greater adverse impacts than their univariate counterparts. Studies have
reported changes in frequency and the spatial extent of extremes in India; however, investigation

of compound extremes is in the infancy state. This study investigates the historical variation of
compound dry and hot extremes (CDHE) and compound wet and cold extremes (CWCE) during the
Indian summer monsoon period from 1951 to 2019 using monthly data. Results are analyzed for 10
identified homogeneous regions for India. Our results unravelled that CDHE (CWCE) frequency has
increased (decreased) by 1-3 events per decade for the recent period (1977-2019) relative to the base
period (1951-1976). Overall, the increasing (decreasing) pattern of CDHE (CWCE) is high across North-
central India, Western India, North-eastern India and South-eastern coastlines. Our findings help in
identification of the parts of the country affected by frequent and widespread CDHE during the recent
period, which is alarming. More detailed assessments are required to disentangle the complex physical
process of compound extremes to improve risk management options.

The frequency and spatial extent of weather and climate extremes, such as droughts, floods, heatwaves, and cold
waves, are changing due to increased global mean temperatures, land surface feedback, ocean-atmospheric
coupling, land-use change, cloud cover and aerosol feedbacks on regional climates'?. These global changes have
a significant adverse impact on the economy, eco-hydrological systems, agriculture, and population®=. Several
studies®” over the years have investigated these individual extremes, and significant progress has been made.
However, there exists a scope to advance our understanding, especially related to rising multivariate compound
extremes. Simultaneous occurrence of two or more natural extremes impacts society greater than their univariate
counterparts. For example, the compound dry and hot monsoon during 1951, 1972, 1979, 1987, 2009, 2014, and
2015 in India®, compound drought and heatwaves during 2015 in Pakistan and Europe’, or the compound coastal
flooding in Ravenna, Italy during February 2015'° led to more significant impacts on human society, reduction
in agricultural productivity and damage to natural ecosystems than those from individual extremes alone.

These multivariate extremes are also referred to as compound extremes/compound events''. The IPCC Special
Report on Managing the Risks of Extreme Events and Disasters to Advance Climate Change Adaptation defined
compound events as ‘(1) two or more extremes occurring simultaneously or successively, (2) combinations of
extremes with underlying conditions that amplify the impact of the extremes, or (3) combinations of extremes
that are not themselves extremes but lead to an extreme or impact when combined™. Leonard et al. defined the
compound event as an extreme-impact event with dependent variables'?. IPCC in 2012 stated that the investiga-
tion on compound extremes received less attention. Indeed, before the IPCC report, a few studies!'>!* analyzed
compound extremes, but it gained significant momentum later across the globe.

Compound extremes associated with precipitation and temperature are most important in hydroclimatol-
ogy and are commonly studied. The occurrence of compound extremes may be induced due to a common
external factor (e.g., changes in regional warming), mutual reinforcement of two extremes (e.g., land surface
feedbacks) or conditional dependence of the occurrence of one extreme on to another extreme (e.g., antecedent
soil moisture and precipitation conditions for droughts, floods)". On a global scale, Trenberth and Shea showed
a strong negative correlation between temperature and precipitation during summer over the continents in both
hemispheres!. The study concluded that wet summers tend to be associated with cool conditions. In contrast, dry
summers tend to be in hot conditions. In most land areas, the correlation between precipitation and temperature
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is negative during the summer season'®. Therefore, precipitation deficit (excess) coincides with the high (low)

temperature during the summer season.

In the last decade, the dependence between compound precipitation and temperature is investigated at dif-
ferent spatial and temporal scales for diverse climatic regions. These studies used several statistical approaches
such as Markov chain model'’, Quantile regression'®, Multivariate distribution analyis'’, Compound indices
approach®, and Empirical approach'®. The empirical approach is a framework of simultaneity and has been
widely applied in understanding the changes in compound precipitation and temperature extremes at regional
and global scales?>**. Initially, individual extremes (either using excess over threshold or percentile for a period)
are defined, which is then considered in obtaining the count of compound extremes based on the number of
co-occurrence of extremes.

Beniston considered 25% and 75% quantiles of precipitation and temperature as the thresholds to define
compound extremes across Europe'®. Further, Hao et al., offered global analysis and revealed an increase in the
frequency of joint warm/dry and warm/wet conditions during 1951-2004?'. Considering a recent dataset, Wu
et al. reported a more frequent and widespread spatial extent of the compound dry and hot conditions during the
summer and winter seasons across China®%. Zscheischler and Fischer recently investigated the record-breaking
compound dry and hot conditions of 2018 during the summer season in Germany and projected that com-
pound extreme would become more likely*. In summary, these aforementioned literature highlights a significant
increase in the compound dry and hot summers at multiple spatiotemporal scales worldwide, including the
Indian subcontinent**.

From the beginning of the twenty-first century, different parts of the Indian subcontinent suffered from
regional drought and excess precipitation, causing catastrophic impacts on society and ecosystems. Economically,
$80 billion losses have incurred due to climate-related hazards from 1998 to 2017, along with irretrievable dam-
ages to thousands of human lives*. Mishra et al. reported crop yield has significantly reduced 146 and 111 kg/
ha due to compound dry and hot summers in 1987 and 2009, respectively®. Sharma and Mujumdar investigated
changes in the frequency of compound droughts and heatwaves over homogenous regions of India defined by
the Indian Meteorological Department (IMD)?¥. The findings are indeed useful and contributed significantly
to our existing knowledge. However, owing to the spatial diversity of precipitation over India and its emerging
changes, we argue that homogenous regions developed by IMD do not account for the spatiotemporal variability
of precipitation?. Previous studies?**° pointed out that IMD homogeneous regions lack coherent climate con-
ditions. Very recently, Guntu et al. developed homogenous regions by accounting for temporal variability and
precipitation magnitude at multiple time scales®’. This means that homogeneous regions are defined based on
climate variability at different time scales (monthly, seasonal and annual) rather than mean climate conditions.
As a result, these homogenous regions are robust and coherent in common seasonality, climate sensitivity, and
global mechanisms that drive variability for different regions. However, studies of systematic investigation of
frequency and the spatial extent of different types of compound extremes over homogenous regions of India are
relatively rare. A comprehensive analysis of compound extremes will help identify and disentangle the regions
prone to increased likelihood during the Indian summer monsoon (ISM). Therefore, this paper aims to analyze
the temporal and spatial characteristics of compound extremes of monthly temperature and precipitation to
evaluate the historical variation of frequency and spatial extent of compound dry and hot extremes (CDHE)
and compound wet and cold extremes (CWCE) during the Indian summer monsoon (ISM) across homogene-
ous regions of India.

Study area and data

The Indian subcontinent lies approximately between 8°-37° N latitude and 68°-98° E longitude, covering
3,287,590 km?. We use a long-term gridded dataset (1951-2019) of daily precipitation and temperature developed
by the IMD for the spatial domain of 66° E to 98° E and 8° N to 37° N, covering the mainland region of India. The
spatial resolution of the data is 1° x 1° in latitude and longitude direction, and the geographical representation
of grid points is shown in Fig. 1 (see Table S1 for the number of grid points falling in each homogenous region).
Precipitation and temperature dataset are generated from a diverse network of 1803 and 395 gauging stations
across India using an Inverse distance weighted (IDW) interpolation scheme®***. Both the datasets have been
extensively used in earlier studies*** for various hydro-meteorological applications and confirm that the data is
highly accurate and capable of capturing the country’s spatiotemporal diversity of precipitation and temperature
and can be retrieved from Ref.%.

India’s climate shows a significant variation across a vast geographic scale and varied topography, making
regionalization tricky. In the past several studies?*® had contributed to the development of homogenous regions.
Guntu et al., proposed a regionalization framework and discussed that precipitation magnitude and temporal
variability at multiple timescales should be accounted for improved identification of homogenous regions*. The
identified ten homogenous regions are not subjective rather an objective approach that considers intraregional
homogeneity and interregional heterogeneity of grid points during the formation of regions. In addition, an
optimal number of clusters is identified based on the Silhouette width, which can specify the degree of similarity
of grid points inside a cluster (cohesion) compared to other clusters (separation). The average Silhouette width
revealed that a probable number of clusters are 6, 10, or 14. It is detected that on working with 14 clusters, some
of the clusters have very few (one or two) stations. On the other side, considering six clusters, it is noticed that
the interregional heterogeneity was missing, i.e. properties of grid points within one cluster were matching the
grid points in other clusters. On selecting 10 clusters (see Fig. 1), the intraregional homogeneity and interregional
heterogeneity of grid points were maintained (for more details, see Sects. 3.6 and 4.2 in Ref.’").

Scientific Reports |

(2021) 11:16447 | https://doi.org/10.1038/s41598-021-95775-0 nature portfolio



www.nature.com/scientificreports/

Homogenous regions
T T

T T T T
35°N|- =
30°N|- |
25N mg#******i“’x % |
3 o @ | “*******m#’wx
2 @& % ok ok ok ko ok AR x x x
ks 06 Ak kA Ak x x xx
;2= %******n}xxx
N =%l“=qﬁ£"****&*xxx
20°N|- > |
® Western India
North-western India
*  North-central India
15°N|- »  Eastern India 7
B South-central India
South-eastern coastline
Konkan Coast
B North-eastern India
10°N[= Rain-belt Western Himalayan
500 km + Rain-shadow Western Himalayan
200mi 1 | 1 | | 1 1 (BRNESnHERE

65°E 70°E 75°E 80°E 85°E 90°E 95°E 100°E
Longitude

Figure 1. Geographical representation of grid points enclosed in each homogenous region. As per Koppen
climate classification and accounting for the temporal variability of precipitation, Guntu et al. classified Western
and North-western India as semi-arid and desert, North-central India as humid subtropical, Eastern India as
tropical savannah, South-central India as semi-arid, South-eastern coastline as warm and humid subtropical,
Konkan coast as tropical monsoon, North-eastern India as humid subtropical, North India (from Western
Himalayas to Eastern Himalayas) has Alpine climate regime?". This figure is generated using Mapping Toolbox
in MATLAB. (Ver 9.9 https://in.mathworks.com/products/mapping.html).

Methodology

Definition of compound extremes. The 25% and 75% quantiles of monthly precipitation and tempera-
ture are used as threshold levels for defining the compound extremes at each grid point (see Fig. 2a and b).
Following?, the combination P<25/T>75 and P>75/T <25 represents two climate combinations: warm/dry
and cold/wet, respectively. In other words, compound extremes are defined as being simultaneously in an outer
quartile of both precipitation and temperature (see Fig. 2c). Following Hao et al., ‘extreme’ in the present study is
defined as a relatively modest departure from the mean value, i.e., above 75 quantiles or below 25 quantiles®!. The
reason for selecting 25 and 75 as the thresholds is that they provide sufficiently large sample sizes for robust sta-
tistical assessments®”. While events in the lower tail of the distribution are expected to cause a reduction in agri-
cultural productivity, these moderate extremes also impact relevance®”. Furthermore, since typical compound
extremes persist for several days, the monthly scale is more appropriate for medium-term (from few years to few
decades) water resources planning and management compared to a 3-day to pentad timescale®. Therefore, in
the present study, the monthly timescale could be considered a compromising timescale between the relatively
coarser and finer temporal resolutions.

Frequency of compound extremes. Changes in the compound extremes frequency during 1977-2019
(referred to as the recent period) are compared with 1951-1976 (referred to as base period) at each grid point.
We have selected 1977 to separate two time periods based on the studies on the climate shift around 1976-1977
and its implication to Indian summer monsoon®**’. As the length of the two selected periods is not equal, the
frequency changes are expressed per decade. The frequency per decade during a time window is calculated as
follows [see Eq. (1)]
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Figure 2. Illustration of a typical compound dry and hot extreme (c) and its comparison with univariate events
(a) Temperature > 75th percentile and (b) Precipitation < 25th percentile. The vertical and horizontal lines are
shown to visualize an event and the threshold used to define the event).

frequency per decadetime window
_ Number of months shown with occurence of compound extreme during a particular time window (1)
N Number of decades
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Figure 3. Geographical representation of trends in the monthly precipitation (a-d) and temperature (e-h) in
Indian summer monsoon (June, July, August and September) of 1951-2019 across the homogenous regions of
India. Statistical significance is conducted using the non-parametric Mann-Kendall (MK) test. Grid points with
a 95% confidence level are only indicated with triangles. The Upper and Lower triangles indicate increasing and
decreasing trend, respectively. Colorbar represents variation in the MK Z statistic. This figure is generated using
Mapping Toolbox in MATLAB R 2020b (Version 9.9 https://in.mathworks.com/products/mapping.html).

In Eq. (1), the number of decades during the base period and the recent period is 2.6 and 4.3, respectively.
Next, the changes in frequency per decade is calculated as follows [see Eq. (2)]

Sfrequency per decadeecent period — frequency per decadepage period

Sfrequency per decadepase period

Change in frequency per decade = (2)

The change in frequency per decade of compound extremes based on IMD observations at every grid point
between two periods is tested for statistical significance using a two-tailed t-test hypothesis testing against the
null hypothesis of no difference.

Spatial extent of compound extremes. Compound extreme’s impact is not limited to a grid point;
instead, the same event extended to a large region. Spatial extent is the ratio of the number of grid points affected
due to compound extreme to the total number of grid points in a homogenous region. For example, during June
1951, if ten grid points have a CDHE occurrence out of 20 grid points, then the spatial extent of compound
extreme for 1951 is 0.5 (10/20). In continuation, if two grid points have a CWCE scenario in the same year, then
the spatial extent of CWCE in 1951 is 0.1 (2/20). Non-parametric MK test*"*? is employed to detect the statistical
significance in the historical variation of spatial extent trends against the null hypothesis of no trend (for math-
ematical equations, see Text S1 in the Supplementary Material).

A previous study by Sharma and Mujumdar, defined the spatial extent as the number of grid points to India’s
total number of grids®”. However, averaging over the entire Indian landmass underestimates the spatial extent
changes at the regional scale. Therefore, in this study, the spatial extent time series is constructed for every
homogenous region to detect the trend and spatial extent changes during ISM.

Results and discussion

Section “Changing pattern of precipitation and temperature” reports trend analysis of monthly precipitation and
monthly temperature during ISM over the period 1951-2019 based on the MK test. Section “Changes in the
frequency of compound extremes” links changes in the frequency of compound dry and hot extremes (CDHE)
and compound cold and wet extremes (CWCE) for the recent period (1977-2019) relative to the base period
(1951-1976) with changing pattern of precipitation and temperature. Section “Changes in the spatial extent
of compound extremes” discusses the significant changes in the probability distribution of COHE and CWCE
spatial extent towards identifying homogenous regions prone to increased likelihood.

Changing pattern of precipitation and temperature. Long-term trends for every grid point across
India are analyzed for monthly precipitation (Fig. 3a—-d) and mean temperature (Fig. 3e-h), respectively. Grid
points showing a trend with a 95% confidence level based on the MK test are only indicated in Fig. 3. Monthly
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precipitation during June (Fig. 3a) exhibits a positive trend for North-western India, Konkan coast and a declin-
ing trend for North-eastern India. This observation is consistent with Subash and Sikka®’. They also reported a
similar changing precipitation pattern across Western India using the Indian Institute of Tropical Meteorological
(IITM) monthly precipitation dataset. July precipitation (Fig. 3b) exhibits a decreasing trend for South-central
India and the Himalayas’ foothills. A similar observation is reported by Taxak et al., using a CRU (0.5°x 0.5°)
gridded precipitation dataset*’. Most notably, August precipitation (Fig. 3¢) is reducing significantly for North-
central India and North-eastern India. Simultaneously, it is increasing along the lee-side of the Western Ghats
and some parts of South-central India.

Several studies**** has reported that ISM is declining in the monsoon’s core region. A few scientific evi-
dence reported are (1) largescale decrease in the transport of moisture from the Arabian sea along the west
coast onto the mainland, called weakening of monsoon circulation due to the eastern equatorial Indian Ocean’s
rapid warming®, (2) Increase of aerosol emissions and anthropogenic greenhouse gases led to the decrease in
surface solar radiation over south Asia, by this means mainland surface becomes cool leading to a reduction in
thermal contrast between the North and south Indian ocean, causing weakening of tropical circulation (zonal
component)*, (3) High-resolution atmospheric model confirms a poleward shift in ISM synoptic activity due
to a warmer climate, resulting in a reduction in the travel of low-pressure systems across North-central India?’,
(4) Naidu et al., showed a decrease in the strength of Tropical Eastery jet streams due to global warming as the
evidence, and claimed monsoon activity is becoming insufficient due to the reduction in the number of low
pressure systems*®.

Interestingly, it was revealed that decreasing precipitation is mainly confined to August during the ISM, while
the contribution of June, July and September remains constant for North-central India. The pattern found in
this month illustrates a decrease of active monsoon conditions over central India in August. During September
(Fig. 3d), monthly precipitation is not showing any significant changing pattern across India. The precipitation
trends (JJAS) agree with the previous studies concerning monthly precipitation trends across India®**>%->3,

Temperature trend analysis reveals an increase in the mean temperature across Western India, South-eastern
coastline, North-eastern India during June (Fig. 3e), and a decreasing trend for Rain-belt Western Himalayan.
Figure 3f shows July temperature is increasing for Western India, South-central India, South-eastern coastline,
Eastern India and North-eastern India. The temperature is rising for every homogenous region to a large spatial
extent during August (Fig. 3g), except in Eastern India. Most notably, for north-central India, a rising temperature
is coinciding with decreased precipitation is not reported earlier. It gives an emerging picture of potential water
shortage if it continues, coinciding with major crop growth season threatens the nation’s food security region.
September temperature (Fig. 3h) shows an increasing trend across India except for western Himalayan and
north-western India, North-central India, Eastern India. While the Karakorum range has shown a decreasing
trend in monthly temperature during July (Fig. 3f), August (Fig. 3g) and September (Fig. 3h) despite the warm-
ing climate. The findings of changing precipitation and temperature patterns for Rain-belt Western Himalayan
agree with the previous studies®?>.

For the country as a whole, the number of grid points shown with changing temperature pattern are greater
than precipitation due to rising warm climatic conditions. Praveen and Sharma recently evaluated the histori-
cal variation of crop productivity using multiple regression analysis based on precipitation and temperature®.
They concluded that crop production (tea, jowar, maize, ragi, sugarcane, and wheat) has reduced over the period
1967-2016, majorly due to increased temperature. This means that changing temperature pattern plays a key
role along with other factors of the hydrological cycle.

The changing monthly temperature pattern is consistent with findings of the previous studies**>*”, Unlike
those studies, the present study used long-term historical data and explored trend analysis over homogeneous
regions based on coherent climatic conditions. Assessment of the changes based on the recent and long-term
good quality data is more reasonable for decision-making. It offers a reliable state of precipitation and tempera-
ture concerning climate variability and change.

Changes in the frequency of compound extremes. As mentioned before, the complete time dura-
tion of the study, i.e. 1951-2019, was divided into the recent period (1977-2019) and base period (1951-1976)
to investigate the change in frequency per decade. The change in frequency per decade of compound extremes
based on IMD observations at every grid point between two periods is tested for statistical significance using a
two-tailed t-test hypothesis testing against the null hypothesis of no difference. Figure 4 shows the spatial distri-
bution of grid points across homogeneous regions rejected at a 95% confidence level. The number of CDHE and
CWCE occurrences for two periods (recent, base) are also provided in Figs. S1 and S2.

Compound dry and hot extreme (CDHE). CDHE (low precipitation and high temperature) is of specific con-
cern because of their mutual dependence in compound drought, causing significant damage to eco-hydrological
systems®. Figure 4a—d displays the recent (1977-2019) change in frequency per decade of CDHE relative to the
base period (1951-1976).

Our analysis based on IMD revealed that the occurrence of compound dry and hot extremes had increased
significantly in recent decades compared to the base period. Interestingly, the increment is not uniform over
different months and regions. For instance, during June (Fig. 4a), the occurrence of CDHE has increased by 1 to
2 events per decade during the recent period compared to the base period for western India, North-eastern India
(Rain-belt Western Himalayan). For the July month, the frequency has increased by 1-3 events per decade over
South-eastern coastline, Konkan coast and parts of South-central India, Eastern India, Rain-shadow region and
North-central India (Fig. 4b). The frequency has increased 1 to 3 events per decade compared to the base period
for North-central India, North-eastern India, some parts of North-western India, Rain-belt Western Himalayan,
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Figure 4. Spatial distribution of change in frequency per decade in the occurrence of the CDHE (Top panel,
a-d) and CWCE (Bottom panel, e-h) for the recent period (1977-2019) relative to the base period (1951-1976)
during Indian summer monsoon months across homogenous regions of India. Colorbar represents variation

in the change in frequency per decade. This figure is generated using Mapping Toolbox in MATLAB R 2020b
(Version 9.9 https://in.mathworks.com/products/mapping.html).

Eastern India, and South-eastern coastline during August (Fig. 4c). Therefore, the increasing temperature and
distribution of precipitation during the monsoon season should be accounted for the widespread trend. In
support of that, Kothawale and Rupa Kumar had shown a strong negative simultaneous correlation between
precipitation and temperature during the monsoon season®.

On the other hand, Kothawale et al. concluded that Indian mean temperatures are strongly correlated with
sea surface temperature (SST) in the eastern pacific and the equatorial Indian Ocean®. Guntu et al. developed
the Standardized Variability Index (SVI) to quantify the randomness of the temporal distribution of precipita-
tion based on annual time series and the total sum of precipitation®'. Using entropy-based SV1, they highlighted
that the distribution of precipitation during monsoon is getting narrower during the past decades. They implied
that the precipitation amount is getting concentrated to starting months of the season, leaving the latter part of
the season in drier condition. Therefore, the temperature is significantly rising during August and September
due to the strong negative correlation and SST warming. As a result, it increases the likelihood of compound
extremes across North-central India.

Compound wet and cold extreme (CWCE). Our analysis concerning CWCE (high precipitation and low tem-
perature) highlight that the frequency has decreased, in general, for most of the summer monsoon months
except June. June (Fig. 4e) shows the changes in frequency per decade by 1-2 events across Rain-belt Western
Himalaya and parts of Eastern India, North-central India. During July (Fig. 4f), the frequency has decreased by 1
to 2 events per decade across the Konkan coast, North-eastern India, South-eastern coastline and South-central
India. Further, a widespread decrease was revealed in North-central India (Fig. 4g) and Western India (Fig. 4h)
during August and September.

Linkages of CDHE and CWCE to changing patterns of precipitation and temperature. ~We have further discussed
the changing pattern in the frequency of compound extremes for every homogenous region by linking it to
precipitation and temperature patterns (Fig. 3). For western India, the increasing frequency of CDHE during
June (Fig. 4a) is rising due to temperature (Fig. 3e). Also, the decrease in the frequency of CWCE (Fig. 4h) is
attributable to a rise in temperature (Fig. 3h). For North-western India, an increase in the frequency of CDHE
during August (Fig. 4c) is attributable to decreasing precipitation (Fig. 3c) as well as an increasing temperature
(Fig. 3g). In comparison, the decreasing frequency of CWCE (Fig. 4g) is primarily attributable to the rising tem-
perature (Fig. 3g). For North-central India, an increase in the frequency of CDHE during August and September
(Fig. 4c,d) is attributable to both decreasing precipitation (Fig. 3c) and increasing temperature (Fig. 3g).

As for CWCE, a decrease in the frequency during August (Fig. 4g) is attributable to both the changing pattern
of precipitation (decreasing, Fig. 3c) as well as temperature (increasing, Fig. 3g). On the contrary, increasing
temperature alone (Fig. 3h) has decreased the frequency during September (Fig. 4h). For South-central India, the
increase in the frequency of CDHE during July (Fig. 4b) is due to changing temperature only. For South-eastern
coastlines, a significant increase in the frequency of CDHE during July (Fig. 4b), August (Fig. 4c) and September
(Fig. 4d) are driven by an increase in temperature alone (Fig. 3f,g,h). For North-eastern India, an increase in the
frequency of CDHE during June (Fig. 4a) and August (Fig. 4c) is attributable to both decreases in precipitation
and an increase in temperature. Similarly, a decrease in the frequency of CWCE during June (Fig. 4e) and August
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JUN JUL AUG SEP

Cluster Z Py Zs Py Z Py Z Py

Western India 2.04 | 0.04 0.55 | 0.58 0.69 | 0.49 0.74 | 0.46
North-western India 0.83 | 0.41 0.70 | 0.48 3.11 | 0.00 1.66 | 0.10
North-central India -03 ]0.76 0.79 | 0.43 3.67 | 0.00 2.42 | 0.02
Eastern India 1.51 | 0.13 3.38 | 0.00 2.37 | 0.02 2.71 | 0.01
South-central India 1.25 | 0.21 2.62 | 0.01 2.10 | 0.04 2.01 | 0.04
South-eastern coastline 1.63 | 0.10 3.62 | 0.00 2.21 | 0.03 2.65 | 0.01
Konkan Coast 1.03 | 0.30 2.04 | 0.04 1.55 | 0.12 141 | 0.16
North-eastern India 2.15 | 0.03 2.91 | 0.00 2.86 | 0.00 2.23 | 0.03
Rain-belt western Himalayan -154 012 | -126 021 | —050 |0.62 | —0.92|0.36
Rain-shadow western Himalayan -1.33 |0.18 0.56 | 0.57 | —0.18 |0.86 | —0.68 | 0.49

Table 1. MK test result for each homogenous region’s CDHE spatial extent during the Indian summer
monsoon months. Zs is the Mann-Kendal Z statistic; py is the p-value corresponding to Z; Bold text has
rejected the null hypothesis, i.e. there is a significant trend in spatial extent at a 95% confidence level
(p-value<0.05, see Text S1).

JUN JUL AUG SEP

Cluster Z Py Z; Py Z; Py Z Py

Western India —-0.70 | 0.48 -0.79 | 0.43 -1.61 [0.11 —-2.58 | 0.01
North-western India 1.07 {029 | —-0.24 | 081 | —2.63 |0.01 | —2.44 | 0.01
North-central India 1.26 | 0.21 | —0.47 |0.64 | —3.09 |0.00 | —2.55 | 0.01
Eastern India 0.23 | 0.82 -1.88 | 0.06 -2.14 | 0.03 -2.07 | 0.04
South-central India 0.14 | 0.89 -1.99 | 0.05 —2.40 | 0.02 -2.07 | 0.04
South-eastern coastline -0.53 060 | —2.89 |0.00 | —2.51|0.01 | —1.80 |0.07
Konkan Coast -0.62 |0.53 -2.17 | 0.03 -2.66 | 0.01 -2.78 | 0.01
North-eastern India -3.77 10.00 | —-2.78 |0.01 | —2.71 |0.01 | —145 |0.15
Rain-belt western Himalayan 2.25 | 0.02 0.05 | 0.96 | —1.01 |0.31 —-0.40 | 0.69
Rain-shadow western Himalayan 1.06 | 0.29 0.43 | 0.67 0.51 | 0.61 0.10 | 0.92

Table 2. Same as Table 1 but for CWCE spatial extent.

(Fig. 4g) is attributable to both the changing pattern of precipitation and temperature. For the Rain-belt Western
Himalayan (see Fig. 1), CDHE (CWCE) frequency has decreased (increased) during June (Fig. 4a,e), which is
deviating from the rest of the homogenous regions. The changes in compound extremes can be attributed to
changing precipitation patterns (increase in Fig. 3a) and temperature (decrease in Fig. 3e). Sharma and Mujum-
dar reported an increasing trend in droughts’ co-occurrence with longer heatwaves for western India, Central
India and Peninsular India”’. Further, Mishra et al., reported seven CDHE between 1951 and 2018, considering
All-India monsoon precipitation and temperature®. Out of these seven CDHE, three have occurred in the past
decade, indicating an increase in frequency to 3 events per decade. Our results on the change in frequency per
decade agree with the previous study. Unlike the prior study, detailed regional information on the frequency and
spatial extent changes are discussed in the following section.

Changes in the spatial extent of compound extremes.  Spatial extent affected by compound extremes
within a homogenous region is extracted for each year to characterize the temporal evolution of compound
extreme. The spatial extent is the areal fraction of homogenous region shown with either CDHE or CWCE in
a particular month during a year (see “Spatial extent of compound extremes”). The temporal evolution of the
spatial extent of CDHE and CWCE during a specific month (JJAS) for every homogenous region is provided in
Figs. S3 and S4. MK test is employed to detect the statistical significance in spatial extent trends against the null
hypothesis of no trend. Significance test results for CDHE and CWCE during JJAS for every homogenous region
are given in Tables 1 and 2, respectively.

Spatial extent of CDHE. From Table 1, an increasing trend in the spatial extent of CDHE is observed for West-
ern India and North-eastern India during June. During July, homogenous regions with the increasing trend are
Eastern India, South-Central India, South-eastern coastline, Konkan coast and North-eastern India. Further-
more, a higher number of homogenous regions have rejected the null hypothesis and are shown to increase in
spatial extent during August and September.
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Figure 5. Geographical representation of spatial extent over homogenous North-Central region during (a)
June, (b) July, (c) August and (d) September at decadal time scale. Colorbar represents the number of months
shown with the occurrence of CDHE during the decade at each grid point. This figure is generated using
Mapping Toolbox in MATLAB R 2020b (Version 9.9 https://in.mathworks.com/products/mapping.html).

Spatial extent of CWCE. From Table 2, the spatial extent of CWCE is significantly decreasing for North-eastern
India. In comparison, an increasing trend is shown for Rain-belt Western Himalayan. During July, homogenous
regions with a significant decreasing trend in spatial extent are South-Central India, South-eastern coastline,
Konkan coast and North-eastern India. Further, the South-eastern coastline has the lowest Z-statistic value,
demonstrating a decrease in the spatial extent during recent decades. During August and September, homog-
enous regions with a significant decreasing trend in spatial extent are seven and six out of ten homogenous
regions of India, revealing a significant increase in warm conditions.

Spatial extent of CDHE and CWCE for one particular homogeneous region.  To further understand and visualize
the changing pattern of spatial extent for a particular homogeneous region, the number of occurrences of COHE
and CWCE at every grid point is plotted for the last seven decades. Figure 5 demonstrates the increase in the
spatial pattern of CDHE for North-central India over the last seven decades. For brevity purposes, remaining
homogenous regions are provided in the Figs. S5-S11. For North-central India (see Fig. 5), the spatial extent
of CDHE has significantly increased during the last decades. There is a consistent increase in the spatial extent
for August (Fig. 5¢) and September (Fig. 5d) when compared to June (Fig. 5a) and July (Fig. 5b). The frequency
has also increased by two to three times for most grid points, which is in line with the evidence shown in Fig. 4.
A similar pattern (increase in frequency and widespread spatial extent of CDHE) has been exhibited for most
homogenous regions in the last two decades, which is alarming.

Figure 6 demonstrates the decrease in the spatial pattern of CWCE for North-eastern India over the last
seven decades (see Figs. S12-S18 for remaining regions). For North-eastern India (see Fig. 6), the spatial extent
of CWCE has significantly decreased during the last two decades. The frequency has also reduced by two to
three times S18for the last decade, revealing zero wet and cold conditions during the Indian summer monsoon
for north-eastern India. Based on a visual inspection, if a similar pattern continues with the same rate, it will
lead to zero CWCE for most homogenous regions by 2030 (Figs. S12-). These findings suggest that the joint
extremes’ spatial extent related to warm mode has increased while cold mode has decreased in India during the
Indian summer monsoon.

Cumulative distribution function of spatial extent. 'To better visualize the statistical characteristics of compound
extremes, we explored the cumulative distribution function of spatial extent for the recent period (1977-2019)
versus the base period (1951-1976). Following Sharma and Mujumdar, eCDF (empirical cumulative distribu-
tion function) of the spatial extent of CDHE (dry/hot) and CWCE (wet/cold) is plotted (Fig. 7) for the recent
period and base period”. A two-sample Kolmogorov-Smirnov (KS) test, a non-parametric test, is employed to
test the significant difference in the eCDF between the two periods (for mathematical equations, see text S2 in
the supplementary material). In the present study, outliers are not removed because of their strong influence in
sociological terms. Sharma and Mujumdar suggested preserving the outliers to investigate the nature of recent
extremes to those of base period?”. The present study hypothesizes that recent and base periods” extent values
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Figure 6. Geographical representation of spatial extent over North-eastern homogenous region during (a) June,
(b) July, (c) August and (d) September. Colorbar represents the number of months shown with the occurrence
of CWCE during the decade at each grid point. This figure is generated using Mapping Toolbox in MATLAB R
2020b (Version 9.9 https://in.mathworks.com/products/mapping.html).
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Figure 7. Empirical CDF of CDHE (a-d) and CWCE (e, f) spatial extent during June, July, August and
September for the recent period (1977-2019) versus base period (1951-1976) for North-central India. This
figure is generated in MATLAB R 2020b (Version 9.9 https://in.mathworks.com).

come from the same underlying continuous population. Results from the hypothesis testing are given in Table 3
to summarize the results, where H=0 (1) states the hypothesis is accepted (rejected) at a 95% confidence level.
For CDHE (top panel, Fig. 7) eCDF is plotted to illustrate the distribution of spatial extent values for the recent
period (red line) and base period (blue line) for one particular homogenous region (North-central India). The
additional supporting analysis for the rest of the homogenous region is shown in the supplementary information
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JUN JUL AUG SEP

Cluster Zs Py Z Py Zs Py Z Py

Western India 0 0.20 0 1.00 0 1.00 0 0.73
North-western India 0 0.91 0 1.00 1 0.00 1 0.04
North-central India 0 0.26 0 0.97 1 0.00 1 0.03
Eastern India 0 0.72 1 0.01 0 0.15 0 0.15
South-central India 0 0.30 0 0.07 0 0.09 0 0.06
South-eastern coastline 0 0.29 1 0.01 0 0.23 1 0.02
Konkan Coast 0 1.00 0 0.07 0 0.43 0 0.38
North-eastern India 0 0.08 0 0.17 0 0.08 0 0.29
Rain-belt western Himalayan 0 0.06 1 0.02 0 1.00 0 0.17
Rain-shadow western Himalayan 0 0.19 0 1.00 0 1.00 0 0.40

Table 3. A two-sample KS test result for the spatial extent of CDHE before and after 1976 for each
homogenous region. H is the hypothesis (i.e. two samples are from the same underlying continuous
population; py is the p-value corresponding to H; H=0 (1) state hypothesis is not rejected (rejected) at the 5%
significance level; Bold text represent significant values greater than 95% confidence level (p-value < 0.05, see
Text S2).

JUN JUL AUG SEP

Cluster Zs |py Zs |py Zs; |py Zs |py

Western India 0 086 |0 1.00 |0 |055 |1 |0.01
North-western India 0 (099 |0 |09 |1 |0.03 |1 0.05
North-central India 0 |030 |0 [1.00 |1 |0.03 |1 |0.02
Eastern India 0 073 |0 056 |0 009 |0 0.28
South-central India 0 092 |0 [022 |0 |033 |1 |0.05
South-eastern coastline 0 1.00 |1 0.01 |1 0.03 |0 0.71
Konkan Coast 0 1.00 |0 0.08 |1 0.03 |1 0.00
North-eastern India 1 ]0.00 [0 |006 |1 |0.01 |0 |1.00
Rain-belt western Himalayan 0 |[026 [0 |0.88 [0 (061 |O 1.00
Rain-shadow western Himalayan |0 |0.79 |0 |0.88 |0 068 |0 |1.00

Table 4. Same as Table 3 but for CWCE.

for brevity purposes (Figs. S19-5S27). For North-central India, the hypothesis is rejected for August and Sep-
tember (see Table 3), which states that spatial extent values of the recent period are significantly different from
the base period values. The mean of the spatial extent has significantly increased in the recent period relative
to the base period during August (Fig. 7c) and September (Fig. 7d). Also, the upper tails of the eCDF during
1977-2019 were longer than 1951-1976, signifying compound dry and hot events affecting large spatial areas
have increased during 1977-2019. Similar changes in the statistical characteristics of spatial extent are exhibited
for North-western India (Fig. S20). There is no significant difference in the statistical characteristics of spatial
extent values for the rest of the homogenous regions during August and September (Table 3). Similarly, for June,
none of the homogenous regions has a significant difference. However, the statistical characteristics of the spatial
extent for Eastern India, South-eastern coastline, and Rain-belt Western Himalayan are significantly different in
recent periods at a 95% confidence level during July (see Table 3).

For CWCE (bottom panel in Figs. 7, S19-527), during June, North-eastern India has shown a significant
change in the statistical characteristics of spatial extent in the recent period (see Table 4). In July, the South-
eastern coastline has rejected the hypothesis at a 95% confidence level, and rest of the homogenous regions
accepted the hypothesis (see Table 4). In August, the hypothesis is rejected for North-western India, North-central
India, South-eastern coastline, Konkan coast and North-eastern India. North-central India (Fig. 7g) has shown
a significant change in the mean of spatial extent in the recent period and rejected the hypothesis (see Table 4).
Also, higher spatial extent values during the base period have reduced in the recent period. For September (see
Table 4), there is a significant difference in the statistical characteristics (rejection of hypothesis) at a 95% con-
fidence level for Western India, North-western India, North-central India, South-central India and the Konkan
coast. The results indicate that more areas are covered by compound extremes related to warm mode while fewer
areas are covered by the Indian summer monsoon’s cold mode during recent decades.
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Conclusions

We investigated the regional changes in the frequency and spatial extent of compound dry and hot extremes
(CDHE) and compound wet and cold extremes (CWCE) during Indian summer monsoon (ISM). The ten homog-
enous regions derived from multi-scale standardized variability index and self-organizing map are considered
from our previous study*' to characterize the CDHE (CWCE) patterns at a regional scale. Our findings revealed
that the frequency of CDHE (CWCE) has increased by 1-3 events per decade (decreased by 1-2 events per
decade) for the recent period (1977-2019) relative to the base period (1951-1976). This increasing (decreasing)
pattern of CDHE (CWCE) is high across North-central India, Western India, North-eastern India and South-
eastern coastlines. The increasing frequency of CDHE is mainly attributed to the Indian Ocean SST variability
post-1976/1977 climate shift. Several studies concluded that the influence of equatorial Pacific Ocean SST has
decreased, and eastern equatorial Indian Ocean SST has increased after the climate shift leading to an early with-
drawal of ISM. As a result, the length of ISM has shrunk, causing an increased (decreased) frequency of CDHE
(CWCE). Therefore, considering the joint conditions of hydro-climatic variables and multivariate modelling
is essential to advance informed understanding of compound extremesclimate change adaptation. Moreover,
identified regions with an increased likelihood of compound dry and hot extremes are critical for risk manage-
ment strategies. Though the present study has contributed significantly to understanding CDHE (CWCE), the
dynamics of compound extremes could be further investigated at various temporal resolutions and at different
time scales for present and future datasets.
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