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Future Characteristics of Extreme Precipitation Indicate
the Dominance of Frequency Over Intensity: A Multi-Model
Assessment From CMIP6 Across India

Subharthi Sarkar! and Rajib Maity!

'Department of Civil Engineering, Indian Institute of Technology Kharagpur, Kharagpur, India

Abstract This study presents a comprehensive analysis on the past and future changes in precipitation
extremes and quantifies the relative contributions from its frequency and intensity across India, considering
five extremeness levels, denoted by 95th, 99th, 99.9th, 99.95th, and 99.97th percentile. Gridded station-based
observations from the historical period (1951-2020) and simulations from 14 General Circulation Models for
the future (2021-2100), participating in the Coupled Model Intercomparison Project phase 6 (CMIP6) are
considered. Apart from an overall increasing pattern of precipitation extremes, it is noticed that the contribution
of frequency dominates over intensity. Specifically, the frequency of 99th percentile daily rainfall is projected to
increase approximately by two- (SSP245) to three- (SSP585) times in future. We also proposed a new zoning of
entire Indian mainland, identified as six Homogeneous Precipitation Zones (HPZs). HPZ-wise analysis reveals
that the increase in frequency dominates over intensity for all the HPZs with a varying extent. For instance,
increase in frequency is more for the climatologically high-precipitation zones (HPZ-3: Western Ghats, and
HPZ-6: North-east India), whereas increase in intensity is more for the low-precipitation zones (HPZ-1:
North-west India, and HPZ-4: Peninsular India). The degree of increase gets even more pronounced under the
worst scenario SSP585, indicating a potential impact of anthropogenic activities on changing precipitation
extremes. Findings of this study should be accounted in the climate change adaptation and mitigation strategies
for future.

Plain Language Summary There are different characteristics of extreme precipitation, such as

how frequent they occur, its intensity. Owing to change in climate, these characteristics are changing as time
passes, as well as from one location to another location. How has it been changed in the past and how will it be
changing in future? Is there any link with the nature of rainfall in a region? These are the focus of this study. We
considered entire Indian mainland as our study domain that spans across a wide range of climatology. Overall, it
is noted that both frequency and intensity are increasing and it is going to increase further in future. Moreover,
frequency is increasing more rapidly than intensity. However, this finding varies from region to region. The
regions that receive high precipitation, in general, may experience maximum increase in frequency (northeast
and western ghats region in India), whereas the regions with relatively low precipitation may experience
maximum increase in intensity (southern peninsular India). Such findings are expected to be useful in many
applications related to climate change impacts on water sector.

1. Introduction

The intensification of the global hydrological cycle is the most consistent and ubiquitous signature of the
changing scenario of climate in this 21st century's world (Allen & Ingram, 2002; Madakumbura et al., 2019;
Trenberth, 2011; Trenberth et al., 2003). Consequently, the regime of precipitation has altered worldwide
significantly, manifesting itself in terms of changes in both intensity and frequency (Giorgi et al., 2011, 2014;
Madakumbura et al., 2019; Trenberth et al., 2003). Interestingly, the mean precipitation has not altered much
due to global warming, being restricted mainly by energy constraints on the global scale (Allen & Ingram, 2002;
O’Gorman et al., 2012; Pendergrass & Hartmann, 2014). However, it has caused a significant redistribution of
extreme precipitation all over the world (Papalexiou & Montanari, 2019; Sarkar & Maity, 2021). Several studies
in the recent past have evidently confirmed a strong association between the increasing precipitation extremes and
global warming, that is, increase in global mean surface temperature (Berg et al., 2013; Fischer & Knutti, 2016;
Ghosh et al., 2012; Hennessy et al., 1997; Kharin et al., 2013; Mishra et al., 2012; X. Zhou et al., 2018), which
results in increased atmospheric moisture-holding capacity and subsequently causes intensification of the hydro-
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Figure 1. Schematic illustration of the probability density function (pdf)
of daily precipitation at some randomly selected grid-point over India for
Pre-1980 and post-1980 period.

150

of extreme precipitation is changing with time. Hence, a proper systematic
analysis of changing spatiotemporal patterns of precipitation extremes has
become indispensable, considering its significant socio-economic impacts
through flooding, crop damages, erosion, health hazard, water contami-
nation issues, etc. (Guhathakurta et al., 2011; Mukherjee et al., 2018; Pall
et al., 2011; Papalexiou & Montanari, 2019; Rajeevan et al., 2008).

The warming-induced changes in extreme precipitation are characterized by
the changes in its two attributes—frequency and intensity, in four possible
ways: more frequent and more intense events, more frequent and less intense
events, less frequent and more intense events, or less frequent and less intense
rainfall events (Madakumbura et al., 2019). Hence, the contribution from
both frequency and intensity, either jointly or individually, are to be consid-
ered to understand the overall changing characteristics of extreme precip-
itation. To understand the contribution of frequency and intensity toward

changes in total extreme precipitation, a schematic diagram of the probability

density function (pdf) of daily precipitation is shown in Figure 1 for a random

grid point in India (See Section 2). The blue and red curves designate the pdfs
of daily precipitation for the reference period (here, pre-1980 period i.e., 1951-1980) and the period of interest
(here post-1980 period i.e., 1981-2020), respectively. From the shift in pdf, the difference in response of the light
rainfall and heavy rainfall events responds to the warming scenario between pre- and post-1980 is realized; the
wetter events become more frequent at the cost of light or no precipitation days (Fischer & Knutti, 2016). Now,
one extreme threshold is defined as shown in the black dashed line in Figure 1, and the area enclosed between
those two pdfs (the yellow area) indicates the total change in extreme precipitation above that particular threshold.
Two main components of this change are shown in the figure—(a) the blue horizontal line indicating the changes
in intensity, and (b) the green vertical line indicating the changes in frequency. Thus, both frequency and intensity
contribute together toward the total change in extreme precipitation.

The intensity of extreme rainfall, that is, the magnitude of heavy rainfall (above some pre-defined threshold) per
unit time (e.g., day) has been reported to increase by many global and regional studies based on observations
and/or model simulations (Allan et al., 2014; Allen & Ingram, 2002; Berg et al., 2013; Fischer & Knutti, 2016;
Kharin et al., 2013; O’Gorman, 2015; Sarkar & Maity, 2020b; Sillmann et al., 2013). On the other hand, the likely
changes in the frequency of extreme precipitation, that is, the number of events above some pre-defined threshold
per unit time, have not been explored in detail (Barbero et al., 2017; Myhre et al., 2019; Villarini et al., 2013),
barring few recent studies in some parts of the world, for example, Europe (Myhre et al., 2019; Papalexiou &
Montanari, 2019), United States (Stegall & Kunkel, 2019), Japan (Myhre et al., 2019), China (Deng et al., 2018;
Lu et al., 2014) etc. Changes in both these components of extreme precipitation are very important to various
hydrologic designs and applications (Kao & Ganguly, 2011). For example, the Intensity-Duration-Frequency
(IDF) curve, which is most commonly used for planning and designing various hydrologic infrastructures, tradi-
tionally assumes stationarity in the rainfall data. So, the existing infrastructures will expose to higher risk due
to the expected increase in intensity and frequency of extreme precipitation under future changing scenarios of
climate. Therefore, the planning and design of such structures need to be strategically updated in the context of
climate change. Here lies the motivation behind this study.

The objective of this study is to analyze the future possible changes (if any) in the total amount of extreme precip-
itation and quantify the contributions from changes in intensity and changes in frequency. Toward this, the entire
Indian mainland is considered as the study area, which is also considered as a climate “hot-spot,” characterized
by a high density of vulnerable population and a strong signal of climate change in the recent past (De Souza
etal., 2015). In the last couple of decades, India has faced several catastrophes related to extreme rainfall, causing
large damage to infrastructures and affecting millions of lives (Mukherjee et al., 2018). Thus, a comprehensive
spatiotemporal analysis will be immensely useful for the assessment of the changes in precipitation extremes at
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different levels of “rareness” (or “extremeness’) and quantification of the relative contributions from the changes
in frequency and intensity. Moreover, to assess the spatial variation of the changes in extreme precipitation
across different climate regimes, a new zoning is proposed for the study area—that forms another objective of
this study. This new zoning across India identifies six Homogeneous Precipitation Zones (HPZs), by coupling
two important characteristics of precipitation, viz., mean annual precipitation and seasonality. Following this, the
final objective of this study is to analyze the observed and future-projected changes in precipitation extremes at
the pan India level, as well as zonal level, across these six HPZs. Gridded observations are used to evaluate the
observed changes in the past, and simulations from 14 state-of-the-art General Circulation Models (GCMs) are
used to project the future-possible changes.

The remaining portion of this paper is organized as follows. Details on the observed rainfall data and future
modeled rainfall data are provided in Section 2. Following this, the methodology adopted in this study is explained
in Section 3. A detailed discussion on the results, that is, observed and future-projected changes in precipitation
extremes over India, is presented in Section 4. Finally, the conclusions of the study are provided in Section 5.

2. Data Used
2.1. Observed Rainfall Data

The daily gridded observed rainfall data is obtained from the India Meteorological Department (IMD) for the
period 1951-2020 (Pai et al., 2014). This data set of 0.25° latitude X 0.25° longitude resolution was developed
using observed records of daily rainfall data from 6,995 rain-gauge stations across India. This gridded precipi-
tation data set from IMD has been successfully used for various hydroclimatic studies in recent times (S. Dash
& Maity, 2019; Mishra, 2020; Mishra et al., 2020; Sarkar & Maity, 2020a; Suman & Maity, 2020). The entire
70 years of data is split into two parts, viz. Pre-1980 period (1951-1980) and Post-1980 (1981-2020) to capture
the changes (if any) in precipitation extremes. The year 1980 is chosen as the transition year as several earlier
studies have detected some abrupt, substantial, and persistent changes or “shift” in the state of natural climatic
systems around the mid- to late- 1970s in different parts of the globe, as well as in India (H. Chen et al., 2019;
Dai et al., 2018; S. Dash & Maity, 2019; Reid et al., 2016; Sabeerali et al., 2012; Sarkar & Maity, 2020a; T. Zhou
et al., 2009). This phenomenon is generally referred as “global shift in climate regime in 1970s” in literature, and
its impact is manifested in several hydroclimatic variables, such as temperature, air pressure, wind field, precip-
itation etc. Hence, a comparative analysis between the pre- and post-1980 period by choosing the year 1980 as
the change year is expected to capture the potential impact of this ‘global shift in climate regime in 1970s’ on
precipitation extremes over India.

2.2. Simulated Future Precipitation Data

For future analysis, the simulated daily precipitation datasets (2021-2100) following two Shared Socioeconomic
Pathways (SSPs), viz., SSP245 and SSP585 are obtained from 14 state-of-the-art GCMs (see Table 1) that partic-
ipated in the Coupled Model Intercomparison Project-6 (CMIP6) (URL: https://esgf-node.llnl.gov/search/cmip6/
accessed in May 2021). The selection of these 14 GCMs from CMIP6 was based on their availability under
rlilp1fl initial condition and three scenarios—historical, SSP245 and SSP585, at the time of initiation of this
study. In general, CMIP provides a fundamental basis for coordinated climate research on the international level,
as contributed from several climate modeling centers (Eyring et al., 2016). The present study considers the most
recent version of CMIP, that is, CMIP6, which undergoes substantial improvements over its earlier versions
(such as CMIP3, CMIP5) in multiple aspects, such as finer horizontal resolution, improved parameterizations of
cloud microphysics, better representation of the synoptic processes, and better agreement with the global energy
balance (Supharatid et al., 2021). Thus, more reasonable and reliable projections can be obtained from CMIP6
outputs as compared to its previous versions (C. A. Chen et al., 2021; Di Luca et al., 2020; Li et al., 2021; Wang
et al., 2021) at global, as well as regional scale—which the present study explores.

Total of 80 years of future GCM data (2021-2100) is equally divided into two parts, viz., near-future period
(2021-2060) and far-future period (2061-2100), to capture the temporal change in the characteristics of precip-
itation extremes in upcoming years of the present century w.r.t. the base-period (1981-2010). The historical
simulations are obtained for the base-period (1981-2010), along with future simulations following SSP245
and SSP585, to understand two possible future scenarios of changes in extremes with respect to the historical
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reference. For instance, SSP585 is the most pessimistic scenario with strong economic growth, rapid technolog-
ical advances, integrated global market, but at the cost of exploiting the abundant fossil fuel resources (Gidden
et al., 2019). No suitable climate policy and consequent high anthropogenic release of greenhouse gases lead to
a target radiative forcing of 8.5 W/m? by 2100 in SSP585. On the other hand, SSP245 depicts a “middle of the
road” scenario with moderate population growth, uneven development and income growth across countries, and
having a target radiative forcing of 4.5 W/m? at the end of the century. Thus, by comparing changes between
SSP585 and SSP245, the possible impact of higher anthropogenic activity and greenhouse gas emissions can be
assessed.

3. Methodology
3.1. Background

India is a vast country with spatially diverse precipitation characteristics. On one side, it has the world's wettest
place, Mawsynram (receiving over 5,000 mm rainfall a year); on the other side, it has Thar Desert (less than
200 mm rainfall a year). The monsoon pattern is also different in different parts of the country; where most places
are dominated by the south-west monsoon, few places are also influenced by the north-east monsoon. So, just
an overall pan-India analysis may not capture the complete picture of changing precipitation extremes. Rather a
zone-level analysis, identifying the places with uniform or coherent precipitation characteristics would be more
meaningful. Toward this, the IMD recommends the use of Homogeneous Monsoon Region (HMR), which
was first developed by Parthasarathy et al. (1996). Lately, few other zoning patterns have also been proposed/
used in some studies (Bhatla et al., 2019; Saikranthi et al., 2013), however, the HMRs proposed by IMD are
used in various hydroclimatic studies across India (S. K. Dash et al., 2002; Rajendran et al., 2013; Sharma &
Mujumdar, 2017; Zheng et al., 2016). Parthasarathy et al. (1996) proposed this zoning by grouping then 29
meteorological sub-divisions of India into five HMRs, mainly on the basis of monsoon precipitation character-
istics. However, this proposition of HMRs has always been questionable for various reasons. Firstly, those 29
sub-divisions—on the basis of which the HMRs were developed, were proposed by IMD around mid of the last
century after an exhaustive compilation of various rainfall-statistics. However, for the practical convenience (such
as issuing weather warnings to government functionaries, informing the general public), these sub-divisional
boundaries were always made to conform some administrative jurisdictions. Eventually, the developed HMRs
also follow the inter-state political boundaries—which can be dubious from the climatological point of view. As
a critical example, this existing zoning of HMRs cannot differentiate the windward side of the Western Ghats,
which receives a much higher amount of precipitation as compared to the west-central or peninsular India (See
Figure 3c). Similarly, the entire West Bengal is grouped with north-east India, despite having a considerably
different rainfall pattern.

Thus, we argue that the consideration of the existing HMRs may not capture the true scenario of varying precip-
itation characteristics over India. Hence, here we propose a new zoning for India, namely Homogeneous Precip-
itation Zones (HPZs), coupling the annual rainfall magnitudes and the seasonality together. Firstly, this new
zoning does not only consider the rainfall during monsoon months, rather the rainfall over the entire year is
considered. Secondly, the seasonal variation of monthly rainfall is also considered, which is a very important
aspect of rainfall, particularly from the Indian perspective. For instance, a place with moderate precipitation, but
an even monthly distribution will ensure a consistent and adequate availability of water throughout the year. On
the other hand, a place with substantial precipitation, but an uneven monthly distribution will indicate a surplus of
water during a particular period of a given year and a deficit during the remaining period in a given year. There-
fore, the consideration of seasonal variability of precipitation is extremely important in delineating precipitation
zones, particularly under this changing climatic and socio-economic scenario. On one hand, the water demand is
increasing due to increased population, urbanization, industrial and agricultural requirements, and on the other
hand, the regular spatio-temporal pattern of precipitation is being altered. Keeping all these factors in mind,
the newly proposed HPZs is can be considered as a more appropriate zoning for India, in the present context of
changing climate. The theoretical background of these HPZs is discussed in detail in the next sub-section.
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3.2. Proposed Zoning of Indian Mainland: Homogeneous Precipitation
= 6000 Zones (HPZs)
,‘i’ =00 This proposed zoning is done based on the average annual precipitation (P)
é 4000 and seasonal variation of monthly precipitation over the period 1951-1980
£ 3000 with the observational records. To quantify the seasonality, an information
2 — theory-based metric named Apportionment Entropy (AE) is utilized, which
—g - provides a descriptive non-parametric measure of the seasonal variation for
£ 1000 any data (here, monthly precipitation). The value of AE for kth year is calcu-
L S~ § o lated by
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spd mean AE <
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0.1 where, p, is the monthly precipitation for ith month in kth year and P, is

the total annual precipitation for the kth year, hence given by P, = Zzl Dik-

Figure 2. Scatter plot between mean annual precipitation and AE across India ~ Theoretically, the magnitude of AE may range between zero and the maxi-

using data from 1951 to 1980.

mum value of log, 12(x 3.585). Higher the magnitude of AE, less seasonal is

the precipitation data, and vice versa. Next, the average values of P and AE

are calculated for all grid points over the reference period and plotted as a
scatter plot. This P versus AE plot is divided into six zones, named Homogeneous Precipitation Zones (HPZs),
delineated through some thresholds of P and AE (see Figure 2), further discussed in detail in Section 4. The meth-
odology presented in the following subsection is applied to these zones separately as well as the whole Indian
mainland (henceforth, all-India).

3.3. Calculation of Precipitation Extremes and Comparative Analysis

Spatial and temporal changes in precipitation extremes are analyzed for different percentiles of the daily precipi-
tation pdfs across the Indian mainland as well as its six aforementioned HPZs. Five percentile values are consid-
ered to define the extreme thresholds, viz., 95th, 99th, 99.9th, 99.95th, and 99.97th. The concept of determining
these percentiles is similar to the standard procedure followed by the Expert Team on Climate Change Detec-
tion, Monitoring and Indices (ETCCDI). Firstly, the “wet” days, that is, the days with more than 1 mm precip-
itation are filtered out from the entire daily precipitation time series, and then these percentiles are calculated
non-parametrically. Thus, in this procedure, any trace precipitation event (with less than 0.04 mm in a day, as per
Indian standard) simulated by the GCMs gets identified as “dry” event. Additionally, the present study considers
three rarer thresholds (99.9th, 99.95th, and 99.97th percentile) than the ETCCDI recommendation (95th and
99th percentile) while calculating different extreme precipitation indices. With this background, two different
sets of comparative analysis is performed in this study, (a) Observational analysis over the historical period
(1951-2020), and (b) Multi-model Analysis on projected changes over the future period (2021-2100). In the case
of observational analysis, the percentiles are calculated based on the pre-1980 (1951-1980) IMD-observed data
to capture the likely changes in post-1980 (1981-2020) period. In case of future analysis, the percentiles calcu-
lated over the base-period 1981-2010 are used as the reference to evaluate temporal changes in the near-future
(2021-2060) and far-future (2061-2100) periods.

As mentioned before, the future analysis involves simulated data from 14 different CMIP6-GCMs. In general,
the GCM outputs, particularly the simulated precipitation data systematically under- or overestimates the actual
observations, and thus possess a substantial amount of bias (Abdelmoaty et al., 2021; Ashfaq et al., 2017; Maity
et al.,, 2019; Mishra et al., 2014). Regardless of several advancements in the latest version of CMIP, that is,
CMIP6, such systemic bias is inevitable in future-projected precipitation. Therefore many studies recommend
first correcting the bias present in GCM data before using it for any impact assessment studies (Christensen
et al., 2008; Kunstmann et al., 2004; Ott et al., 2013). Bias-correction methodologies have a long history in the
literature, including techniques, such as linear (Lenderink et al., 2007), non-linear (Leander & Buishand, 2007;
Leander et al., 2008), distribution-based quantile mapping (Mao et al., 2015; Pierce et al., 2015), empirical quan-
tile mapping (Piani et al., 2010; ThemeBl et al., 2011), copula-based RMPH technique (Maity et al., 2019; Suman
etal., 2021) etc. In spite of such developments, bias correction has always been a controversial topic of discussion

SARKAR AND MAITY

5of22



I ¥ell ,
A\ Journal of Geophysical Research: Atmospheres 10.1029/2021JD035539

Table 1
Basic Details of 14 CMIP6-GCMs Used in This Study
Actual resolution Resolution after regridding
S. No Model name Source institute (latitude X longitude) (latitude X longitude)
1 ACCESS-CM2 Commonwealth Scientific and Industrial Research Organization, Australia 1.25° % 1.875° 0.25° % 0.25°
2 ACCESS-ESM1-5 1.25° % 1.875° 0.25° % 0.25°
3 BCC-CSM2-MR Beijing Climate Center, China 1.1121° x 1.125° 0.25° % 0.25°
4 CanESM5 Canadian Center for Climate Modeling and Analysis, Canada 2.7673° x 2.8125° 0.25° % 0.25°
5 EC-Earth3 EC-Earth-Consortium 0.70° x 0.70° 0.25° x 0.25°
6 EC-Earth3-Veg 0.70° x 0.70° 0.25° % 0.25°
7 CESM2_WACCM  National Center for Atmospheric Research, USA 0.9424° x 1.25° 0.25° x 0.25°
8 CMCC-CM2-SR5 Fondazione Centro Euro-Mediterraneo sui Cambiamenti Climatici, Italy 0.9424° x 1.25° 0.25° x 0.25°
9 MPI-ESM1-2-HR  Max Planck Institute for Meteorology, Hamburg, Germany 0.935° x 0.9375° 0.25° x 0.25°
10 MPI-ESM1-2-LR 1.8652° x 1.8750° 0.25° x 0.25°
11 IPSL-CM6A-LR Institut Pierre Simon Laplace, France 1.2676° x 2.5° 0.25° x 0.25°
12 IT™ Indian Institute of Tropical Meteorology Pune, India 1.9048° x 1.8750° 0.25° x 0.25°
13 INM-CM4-8 Institute for Numerical Mathematics, Russian Academy of Science, Russia 1.5° % 2.0° 0.25° % 0.25°
14 INM-CMS5-0 1.5° % 2.0° 0.25° % 0.25°

in the scientific community (Ehret et al., 2012; Knutti et al., 2010; Maraun, 2016). In particular, Maraun (2016)
argued that the bias correction of climate model data may lead to superficial and implausible projections due to
their misrepresentation of long-term climate trends and variability. Thus, in this study, the projected changes in
any precipitation-related statistic/percentile from a GCM over the future period (2021-2100) are determined with
respect to the same derived from the simulated historical values (1981-2010) of the same GCM. Thus, we can
obtain a relative metric of changes in future for each GCM.

Next, the projected changes are averaged across the GCMs to obtain the multi-model ensemble mean changes
over the future. However, from Table 1, it can be observed that all 14 CMIP6-GCMs have different spatial resolu-
tions. Hence, the bilinear interpolation, a standard re-gridding technique, is used to bring all of them down to the
same resolution of the observed data from IMD (i.e., 0.25° latitude X 0.25° longitude) to conduct the multi-model
analysis. Although, different regridding techniques are commonly used in climate change impact assessment
studies (Alexander et al., 2006), its impact on precipitation extremes, irrespective of the technique, cannot be
denied (Rajulapati et al., 2021). In Section A1l in Supporting Information S1, a detailed illustrative example is
shown on the potential effect of regridding, which reveals an underestimation of precipitation extremes. This
degree of underestimation increases with the increase in the rareness of the extremes. However, we argue that, for
a certain extreme threshold from a particular GCM, the degree of underestimation due to regridding remain more
or less similar for historical, as well as future period (see Figure S1 in Supporting Information S1). Therefore,
it may be concluded that the regridding may have some impact on precipitation extremes, but while estimating
the relative changes in future with respect to a historical reference period, the effect of regridding may be safely
ignored.

Now for each threshold, three attributes of extreme precipitation are calculated over each year to conduct the
comparative analysis; Total Precipitation (TP) in mm, Frequency (F) in (year™"), and intensity above the thresh-
old percentile (1) in mm/day. For example, TP99 designates the “Total Precipitation from top 1% heaviest precip-
itation events,” and it is calculated as the summation of daily precipitation magnitudes that exceeds the 99th
percentile in a particular year. Next, the average annual TP over the base period and the period of interest are
determined for each of the extreme thresholds, as defined earlier, followed by the estimation of the corresponding
percentage changes in the period of interest with respect to the base period. It is followed by the evaluation of the
contributions from changes in frequency and intensity separately toward the changes in total precipitation above
a certain extreme threshold. The changes in frequency is calculated as the change in the number of events per
unit time with precipitation above the pre-defined thresholds. The change in intensity is calculated as the average
precipitation above the threshold for the strongest equal number of events as noted from the reference period. It
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(a) Raw Zoning (b) Final Zoning: Homogeneous Precipitation Zones
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Figure 3. Proposed Homogeneous Precipitation Zones (HPZs) across the Indian mainland, (a) Raw spatial distribution of zones directly obtained from the scatter
plot in Figure 2. (b) Final spatial distribution of zones after smoothening the boundaries. (c) The existing Homogeneous Monsoon Regions for India, as developed by

Parthasarthy et al. (1996).

must be noted here that, due to diverse spatial variation of extreme precipitation across India, we document the
temporal changes in all three attributes (7P, F and [) as percentage changes—a relative metric instead of absolute
changes. This helps us to conduct a detailed inter-HPZ comparison as well.

To further clarify the computational approach, let us consider one hypothetical example, where the reference
period has 99th percentile value as 100 mm/day, and observes 3 rainfall events above the 99th percentile with
values 105, 120, and 125 mm/day, whereas the period of interest has 5 rainfall events that exceed 100 mm/day
threshold with values 102, 115, 120, 130, 140 and 145 mm/day. Now to calculate the changes in intensity, we
filter out the same number (here 3, as in the reference period) of strongest events from the “period of interest,”
even if the lowest value is lower than the pre-defined threshold (here, 100 mm/day). So in this example, the 3
strongest events of precipitation in the period of interest are 130, 140, and 145 mm/day. Taking the average of
the equal number of strongest precipitation events as 116.67 mm/day (reference period) and 138.33 mm/day
(period of interest), an increase of 18.5% in intensity and an increase in frequency from 3 to 5 can be reported
in the period of interest. However, it may be noted that, if the period of interest has only 2 events higher than the
threshold of 100 mm/day, still the same number, that is, 3 number of strongest events (with one value less than
100 mm/day), is to be considered to estimate the change in intensity in the period of interest.
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Table 2
Details of the Uniform Precipitation Zones (HPZs) Proposed in This Study

HPZ number Criteria for classification Zone name Abbreviations

HPZ-1 P < Py and AE < AE,, Low precipitation high seasonality P Sy
HPZ-2 Py, < P <Py and AE < AE, Mod. precipitation high seasonality PySy
HPZ-3 P> Py, and AE < AE, High precipitation high seasonality PSSy
HPZ-4 P < Pyyand AE > AE,, Low precipitation Low seasonality PSS,
HPZ-5 Py, < P < Py and AE > AE, Mid precipitation low seasonality PyS,.
HPZ-6 P > Py, and AE > AE, High precipitation low seasonality P.S,

4. Results and Discussion
4.1. Homogeneous Precipitation Zones (HPZs)

Gridwise mean annual precipitation (P) and mean AE over the reference period (1951-1980) are plotted as a scat-
ter plot in Figure 2, which is then divided into six different HPZs as shown by different colors. In case of season-
ality, only the 50th percentile, that is, AE, is used to differentiate between High-seasonality (AE < AE,;) and
Low-seasonality zones (AE > AE,;). However, in case of annual precipitation, we also used the 90th percentile to
designate three different zones, viz., Low-rainfall (P < P;), Moderate-rainfall (P, < P < P,,), and High-rainfall
zones (P > P,,). Thus, in this classification approach, the characteristics of both annual precipitation magnitude
and seasonal variability are combined into six distinct HPZs across the Indian mainland.

The spatial distribution of these HPZs is shown in Figure 3a, where a few small patches of zones within the
boundary of another adjoining zone can be noticed in some parts of the country. Such cases are taken care of
manually and converted to the zone it is surrounded by to obtain a smoother boundary of zones and to maintain
the spatial contiguity of the zones. After performing such manual boundary smoothening, the finalized zones
are shown in Figure 3b. This Figure 3b can be considered as the final zoning map for HPZs across the Indian
mainland, proposed in this study. Further detailed insight into this zoning is shown in Table 2, including the crite-
rion for classification, zone number, zone full name, and corresponding abbreviations. For a quick comparison,
existing HMRs are shown in Figure 3¢, which reveals that, unlike the existing HMRs, this newly proposed HPZs
(Figure 3b) can successfully identify the windward side of Western Ghats as a distinct zone, that is, HPZ-3 or
High Precipitation High Seasonality zone.

On further investigation of Figure 3b, we can see the HPZ-1 or Low Precipitation High Seasonality zone (P, S,))
lies in the north-western part of India, predominantly consisting of Gujrat and Rajasthan, and some portion of
western Uttar Pradesh and Madhya Pradesh. The HPZ-2 or Moderate Precipitation High Seasonality zone (Py,S,))
can be found in the central part of India, mostly spanning eastern Uttar Pradesh and Madhya Pradesh, and Chhat-
tisgarh. As mentioned earlier, the Western Ghats are identified as HPZ-3 or High Precipitation High Seasonality
zone (PS,)). The HPZ-4 or Low Precipitation Low Seasonality zone (P, S, ) can be observed in two different parts
of India; Peninsular India (parts of Maharashtra, Telangana, Karnataka, Southern Andhra Pradesh, and Tamil-
nadu) and northern India (Punjab, Jammu-Kashmir, and Ladakh portion). The HPZ-5 or Moderate Precipitation
Low Seasonality zone (P,,S,) is rather dispersed at multiple places across the Indian mainland; mostly in the
eastern part of India (West Bengal, eastern Bihar, Jharkhand, and Odisha), parts of the eastern coast in Southern
India (some coastal parts of Andhra Pradesh and Tamilnadu), parts of northern India (Uttarakhand and Himachal
Pradesh) and some portion in north-east India. Lastly, the HPZ-6 or High Precipitation Low Seasonality zone
(P,S,) can be mostly found in north-east India and Kerala.

4.2. Observational Changes in Precipitation Extremes
4.2.1. All-India Analysis

Gridded observations are used to analyze the changes in precipitation extremes (7P, F, and /) in the post-1980
period w.r.t pre-1980 period. Figure 4 shows the spatial distribution of changes in TP, F, and [ after the transition
year 1980 for all five thresholds across the Indian mainland. It is noticed that the majority of the Indian main-
land has experienced an increase in precipitation extremes (7P, F, and /) in the post-1980 period. Barring few
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Figure 4. Spatial distribution of observed changes (in percentage) in total precipitation, frequency, and intensity in the post-1980 period (1981-2020) compared to
pre-1980 period (1951-1980) across Indian mainland for all five percentiles (95th, 99th, 99.9th, 99.95th, and 99.97th) used in this study.

places in north India (particularly in the Gangetic plain) and north-east India, precipitation extremes are found
to increase in most of the places across the Indian mainland, especially in the eastern coastal regions in South
India and north-western region (e.g., parts of Gujarat and Rajasthan). Also, the extent of the increase becomes
more prominent in those aforementioned places with the increase in “extremeness” of the threshold considered.
However, an unusually high level of the increase in extreme precipitation is noticed in the parts of Ladakh, located
in the extreme northern tip of India. The reliability of the precipitation data is questionable in that region due to
poor networks of rain gauges (Kothawale & Rajeevan, 2017). Hence, this part is excluded while calculating the
area-averaged values of changes. Accordingly, the quantitative output of the comparative analysis between the
pre- and post-1980 periods is shown as bar plots in Figure 5 and Table 3. Results confirm a general pattern of
increasing precipitation extremes across the Indian mainland during the post-1980 period.

From Figure 5 (top row), an interesting feature of the changing pattern of precipitation extremes is noticed. The
all-India average changes in TP, F, and I—all increase with the extremeness of the heavy precipitation events. In
other words, a strong monotonic increase in total extreme precipitation, its frequency, and intensity is observed
with the extremeness of the event (defined by the threshold). For instance, the observed changes in TP, F, and /
are approximately 29%, 23%, and 4%, respectively, for the 99th percentile, but these values increases to 163%,
124%, and 12% for the 99.97th percentile. Another important observation is that the increase in frequency is
much higher than that of intensity.

This can be further elucidated from Figure 6, which represents the change in total extreme precipitation above
the 99th percentile as a combination of changes in intensity and frequency. This scatter plot is divided into four
different quadrants with respect to the zero-change lines along both axes, viz., Quadrant-I: increase in both F and
I, Quadrant-II: increase in F but decrease in /, Quadrant-III: decrease in both F and I, and Quadrant-IV: decrease
in both F but increase I. Firstly we can observe that, most of the grid points are lying in quadrant-I, experiencing
increase in both F and I, and hence in the TP. Apart from that, some interesting observations can be made from
quadrant-II and quadrant-IV. From quadrant-I1, it can be observed that, even after reduction in intensity, the total
precipitation has mostly increased (shown by different shades of blue), which can be solely attributed to increase
in frequency. On the other hand, in quadrant-1V, due to the reduction in frequency, most of the grid points are
experiencing a reduction in total precipitation as well (shown by different shades of red), even though the inten-
sity has increased. These observations evidently show the dominance of frequency changes over the changes in
intensity toward changes in total extreme precipitation above a certain threshold. This can be further confirmed
by the respective pdfs of frequency changes and intensity changes along both axes. However, the contribution
from intensity changes cannot be denied, of course. Though this example is shown for only one extreme thresh-
old, that is, 99th percentile, it holds true for all four remaining thresholds as well. Overall, it is also noticed that
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Figure 5. Area-averaged increase (top row) and spatial extent of the increase (bottom row) in total precipitation, frequency, and intensity in the post-1980 period
compared to pre-1980 period across Indian mainland for all five percentiles.

Table 3

Quantitative Estimates of Observed Increases in Total Precipitation,

the majority of the Indian mainland is experiencing more frequent and more intense rainfall events as compared

to its other counterparts in the post-1980 period.

However, this observation of gradually increasing rate of increase in TP, F, and / with the extremeness of the

threshold percentile does not hold in the case of spatial extent (percentage of total Indian mainland) of areas

showing the increase in TP, F, and I (bottom row of Figure 5). Instead, the area showing the increase in 7P, F,

and / remains more or less same beyond a certain threshold of extreme. However, approximately two-thirds of the

Frequency, and Intensity in Post-1980 Period Compared to Pre-1980 Period

Across Indian Mainland

Percentage increase in

Percentage area (spatial

magnitude extent) showing increase
Extreme threshold
percentile TP F 1 TP F 1
95.00 8.70 3.90 375 59.29 55.08 69.88
99.00 29.46 22.85 4.16 6569 63.86 66.66
99.90 44.00 35.55 468 6679 66.11 64.65
99.95 110.49 87.26 8.63 64.03 6342 63.66
99.97 162.87 12354 11.67 60.15 57.83 63.26

Note. TP: Total Precipitation (mm), F: Frequency (year™!), and I: Intensity

(mm/day) above the respective extreme threshold percentile.

entire Indian mainland (~66%) exhibits an increase in precipitation extremes,
which is quite alarming.

4.2.2. HPZ-Wise Analysis

In the previous section, an overall increasing pattern of frequency-dominant
precipitation extremes is observed in the majority of parts of India after the
year 1980 under a possible impact of the global climatic shift. However, there
is a diverse spatial variation in the changing pattern of TP, F, and /. Thus,
an HPZ-wise (as identified before) analysis is carried out to investigate how
different zones of homogeneous precipitation characteristics respond to these
changes. Toward this, the area-averaged values of changes in TP, F, and I for
all five extreme thresholds are obtained, which shows that the all-India obser-
vation of a frequency-dominated increase in precipitation extremes holds true
for all six HPZs individually, as shown in Figure S5a in Supporting Informa-
tion S1. A further comparative study is done among the HPZs to understand
the inter-zonal variation of changes, and the results are presented in Figure 7
in the form of bar plots, which depicts some very interesting features.
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the country exhibits the maximum extent of increase in total precipitation and

frequency for all levels of extremeness. In the case of lower extremes (like
95th or 99th percentile), the HPZ-5, that is, eastern India and eastern coast
portion also shows a good amount of increase. However, in the case of higher
extremes (like 99.95th or 99.97th percentiles), the HPZ-2 shows a considera-
ble amount of increase in TP and F, in some cases at par with HPZ-3.

Figure 6. Scatter plot between the observed changes in F99 and 199 for all o ) . ) .
grid-points across Indian mainland, with a colorbar showing the corresponding Similar observations hold partially true for intensity as well, where the

changes in TP99.

north-east India (HPZ-6), that is, the climatologically high-precipitation
zone, is showing the least amount of increase. On the other hand, the clima-
tologically low precipitation zones, such as Peninsular India (HPZ-4) and
North-west India (HPZ-1) exhibit maximum amount of increases, particu-
larly for the higher extremes. The extent of increase in intensity across the remaining zones, such as HPZ-2, 3,
and 5 remains moderate to low. For further details, readers can refer to Section A3 in Supporting Information S1.

In a nutshell, the southern part of India—including the low-precipitation low-seasonality zone in peninsular India
or HPZ-4 and the high-precipitation low-seasonality zone HPZ-3 in western Ghats or HPZ-3, shows a consider-
able amount of increase in all three characteristics of extreme precipitation—total precipitation, frequency, and
intensity. On contrary, the extent of increase is comparatively weaker in northern India, and weakest in north-east
India, which otherwise belongs to a climatologically high precipitation zone.

4.3. Future-Projected Changes in Precipitation Extremes: Multi-Model Assessment

4.3.1. All-India Analysis

Average values from all 14 CMIP6-GCM (hereinafter, multi-model ensemble mean) outputs are analyzed to
detect the future changes in precipitation extremes in terms of 7P, F, and / across the Indian mainland. The results
are shown in Figures 8 and 9 as the spatial distribution of ensemble mean changes in precipitation extremes over
near-future and far-future period w.r.t. the base period (1981-2010) for SSP245 and SSP585, respectively, consid-
ering all five levels of extreme threshold. The individual changes in TP, F, and I for all 14 GCMs are shown in
Figures S2-S4 in Supporting Information S1, respectively, over the far-future period for one extreme threshold
only (99th percentile), which shows a substantial inter-model variation. However, the multi-model ensemble
mean from all 14 models (Figures 8 and 9) shows a more robust estimate of the changes in precipitation extremes,
and thus, presents a more homogeneous pattern of changes as compared to the individual models. From these
figures, it is noticed that all three attributes of precipitation extremes—total precipitation, frequency and inten-
sity, exhibit an increase over almost entire India in the future, especially in the western coastal regions in South
India and north-west parts of India. Also, the increase in all three attributes of extreme precipitation—7P, F and
I, becomes more pronounced with the increase in the extremeness of the events, similar to observational analysis.

However, the spatial pattern of future changes in precipitation extremes differs from the observational changes.
From the observational analysis of the post-1980 period (w.r.t pre-1980 period), it was noticed that the eastern
coast of South India predominantly exhibits an increase in precipitation extremes. However, in the future, the
western coast of south India shows a higher extent of increase than the eastern coast. A similar observation was

SARKAR AND MAITY

11 of 22



A7t |

A\ Journal of Geophysical Research: Atmospheres 10.1029/2021JD035539
AND SPACE SCIENCE
Percentiles Total Precipitation Frequency Intensity
15 10 5
3 g ° g 4
S 10 T 6 ° 3
95th 5 5 5
£ £ 4 £2
X EN Xy
0 0 0
40 40 6
g 30 g 30 EE g
® 3 Q4
h o o @
99t 5 20 5 20 e
£ £ £,
0 0 0
60 50 — 6
(] (V] 40 [
5 40 g 30 © 4
99.9th 5 5 5
c c 20 S
R 2 s %2
= =) 10 o
0 0 0
150 150 15
] (] ] (]
% 100 & 100 £ 10
99.95th 5 5 5
c c c
< 50 < 50 <5
® ® ®
0 0 0
250 200 20
] 200 o 150 o 15
© 4 ®
© 150 3 s
5 5 100 5 10
£ 100 £ £
99-97th X 50 X 50 xR 5
0 0 0
EHPZ-1 OHPZ2 @HPZ3 EHPZ-1 OHPZ2 OHPZ-3 EHPZ-1 OHPZ-2 OHPZ-3
OHPZ-4 BMHPZ-5 BHPZ-6 OHPZ-4 BMHPZ-5 BHPZ-6 OHPZ-4 WHPZ-5 @HPZ-6

Figure 7. Comparison of the changes in total precipitation, frequency and intensity between six Homogeneous Precipitation Zones (HPZs) for all five extreme

thresholds.

also made by an earlier study (Suman & Maity, 2020), where CMIP5-Coordinated Regional Climate Downscal-
ing Experiment (CORDEX) data were analyzed. However, the increase was in general across southern India,
irrespective of the eastern/western coast of South India.

In general, the quantitative outcomes of the comparative analysis between near- and far-future periods with
respect to the recent past (post-1980 period) are summarized in Table 4 and Figure 10. It is noticed that the
multi-model ensemble mean changes in TP, F, and [ are substantially higher in the far-future period, as compared
to the near-future period, especially under the worst scenario of SSP585. This suggests the continuation of the
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Figure 8. Future-projected ensemble mean changes (in percentage) in total precipitation, frequency and intensity over near-future (top) and far-future (bottom) period
as compared to post-1980 reference across Indian mainland following SSP245 for all five thresholds of extreme precipitation.

increasing pattern of precipitation extremes through this century. Also, if we compare the results of SSP245 and
SSP585, the increase is more pronounced in the case of SSP585, especially in the far-future period. This obser-
vation confirms the role of anthropogenic forcings toward the increase of extreme precipitation in the future.

Similar to the analysis performed in the historical period, a gradual increase is noticed in total precipitation,
frequency and intensity above a certain threshold over the future with the increase in the extremeness of the
threshold. Therefore, more intense and more frequent precipitation extremes are expected in future across the
country. Similar to the observed changes, the changes in total precipitation are noticed to be mostly dominated
by changes in frequency in future also. However, as before, the contribution from changes in intensity cannot be
denied.

To further investigate the changing pattern of frequency, the annual time series (1951-2100) of the multi-model
ensemble mean frequency of the 99th percentile (F99) events is plotted in Figure 11 across the Indian mainland.
F99 from individual CMIP6 models and their ensemble mean are obtained for the historical (1951-2014) and
future (2015-2100) simulation periods, considering the pre-1980 (1951-1980) period as the reference period.
Notably, a steady increasing trend from the historical to future period in frequency is noticed, that becomes more
noticeable after the 2050s, that is, in the far-future period. It is further noticed that a mostly comparable or slightly
higher frequency under SSP585 than SSP245 in the near-future period, but the difference becomes more apparent
toward the end of the century. An approximately average frequency of 1 events per year in the 1950s increases
almost threefold by 2100, which is a quite substantial increase in F99 across the Indian mainland under the worst
scenario. However, it is also noticed that the inter-model variations increase with the passage of time in this 21st
century. This could be attributed to inter-model differences in simulating the surface temperature. Earlier studies
have found that models showing the strongest (weakest) increase in frequency, also have the strongest (weakest)
surface temperature increase (Myhre et al., 2019).
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Figure 9. Same as Figure 8, but for SSP585.

Table 4

The multi-model ensemble mean changes in precipitation extremes (7P, F, and ) in the far-future period are
shown in Figure 12 (left panel). For comparison, the observed changes in the post-1980 period are also plotted
in the same figure. It is noticed that the observed rate of increase in precipitation extremes is going to enhance
further in the far-future period, especially under SSP585 scenario. Moreover, the right panel of Figure 12 shows
the likely changes in the pdfs of TP, F, and I in the future period for 99th percentile only. From this figure, it can
be interpreted how the pdfs of TP, F, and [ in the base-period 1981-2010 (blue) shift toward the higher values
in the near-future (solid line) and far-future (dotted line) period. The shift is more prominent for frequency than
intensity, and in the case of the far-future period following SSP585. It is further noticed that the pdfs in the

Quantitative Estimates of Multi-Model Future Changes in Total Precipitation, Frequency, and Intensity as Compared to Post-1980 Period Across Indian Mainland

SSP245

SSP585

Near-future period (2021-2060)

Far-future period (2061-2100)

Near-future period (2021-2060) Far-future period (2061-2100)

Extreme threshold percentile TP F I TP F I TP F 1 TP F 1
95.00 23.82 19.55 3.42 5499  46.50 5.46 31.70 26.72 3.84 111.38 89.87 10.92
99.00 43.09 36.35 3.86 89.95  76.38 6.29 5391 46.05 423 193.93 156.41 12.01
99.90 138.18  114.81 8.11 249.54  206.05 10.03 156.83  130.89 8.52 481.87 407.71 15.83
99.95 20442 166.36 11.18 351.73  286.79 12.74 22990  188.46 11.64 633.90 540.79 18.84
99.97 246.19  196.06 14.44 404.98 323.26 15.70 271.99  217.80 14.74 679.57 601.88 21.99
Note. TP: Total Precipitation (mm), F: Frequency (year™!), and I: Intensity (mm/day) above the respective extreme threshold percentile.
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Figure 10. Multi-model ensemble average changes in total precipitation, frequency, and intensity over near-future and far-future period in India, following SSP245

(top) and SSP585 (bottom).

N

near-future period are more or less comparable under both the scenarios, but differ noticeably in the far-future

period. Overall, a substantial shift in the underlying distribution toward higher values of precipitation extremes is

expected in the future, resulting in an increase in precipitation extremes across the Indian mainland.

4.3.2. HPZ-Wise Analysis

Similar to the analysis performed in the historical period, the HPZ-wise analysis is also performed here to investi-

gate how these different precipitation zones will experience future changes in precipitation extremes. The results

Occurances per year
[ T T S

ey

0
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(ensemble mean)

Future SSP245
(ensemble mean)
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(ensemble mean)

1950 1975 2000

2025

ye:
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Figure 11. Annual time series plot of all-India average frequency of 99th
percentile of precipitation simulated by 14 CMIP6 models for historical
(1951-2014) and future (2015-2100) simulation periods. The light color
shows the inter-model variations, and the dark color indicates the multi-model

ensemble mean.

are summarized in Figure 13 (for inter-HPZ comparison) and Figure S5 in
Supporting Information S1 (panel b and panel c, for comparison among 7P,
F and ) for the far-future period only, considering both SSP245 and SSP585.
It is found that HPZs respond differently to different levels of extreme events.
In the case of very rare events (like 99.95th or 99.97th percentile thresh-
olds), the maximum extent of increase in total precipitation and frequency
is noticed for climatologically high-precipitation zones such as HPZ-3 and
HPZ-6, that is, the Western Ghats regions and north-east India. However,
in the case of intensity, the climatologically low precipitation zones, such as
HPZ-1 (north-west India) and HPZ-4 (peninsular India) exhibit the highest
extent of increase. On the other hand, in the case of lower extreme events (like
95th percentile), the climatologically arid or semi-arid regions like HPZ-1 is
showing maximum extent of increase in precipitation extremes (7P, F and
I). However, in general, wet places like western Ghats and north-east India
are showing a consistently high level of increase in frequency, and compara-
tively dry regions like north-west and peninsular India exhibit a high level of
increase in intensity in extreme precipitation toward the end of this century.
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Figure 12. Multi-model ensemble mean changes of TP, F, and I over the far-future period following SSP245 and SSP585 (left panel) and corresponding changes in the
underlying pdfs (right panel) for one extreme threshold, i.e., 99th percentile.

In a nutshell, the characteristics of extreme precipitation are projected to enhance across India in future. Such
increasing pattern is observed since the second half of the last century and is expected to continue in the present
century too, with an almost similar or even higher rate. We specifically highlight the dominance of frequency
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Figure 13. Homogeneous Precipitation Zone (HPZ)-wise comparison of the changes in total precipitation, frequency and intensity in far future period for all five
extreme thresholds considered in this study.

changes toward the changes in total extreme precipitation. However, intensity is also projected to increase in
most part of India, especially in the climatologically low precipitation zones such as HPZ-1 and HPZ-4. On the
other hand, high-precipitation zones such as, HPZ-3 (Western Ghats) and —6 (north-east India) show the maxi-
mum increase in frequency over the future. Regardless of inter-model variations, an overall frequency-dominated
increase in extreme precipitation is confirmed by all 14 CMIP6-GCMs considered in this study. However, it is
worthwhile to note here that these reported results are subjected to various sources of uncertainty. For exam-
ple, despite using 14 state-of-the-art CMIP6-GCMs, the number and choice of the models and consideration
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of a single realization per model may not be sufficient enough to capture the full range of uncertainty from the
perspective of global climate sensitivity and regional response to global warming (Milinski et al., 2020; Taylor
et al., 2012). Therefore, although the multi-model averages are determined, the final results could be sensitive to
the number of models and the realization considered—which is a definite limitation of this study. Furthermore,
the direct use of the raw GCM simulations can be considered as another source of uncertainty. In general, the
GCMs are found to produce precipitation output having significant amount of systematic bias due to their coarse
resolution or model parameterizations. Though here we are using a relative metric to quantify the future changes,
the potential effect of bias in the results are inevitable. Nonetheless, the overall findings of this study cannot be
denied—such level of increases in precipitation extremes must be considered in the climate change adaptation
and mitigation strategies to get prepared for the upcoming future.

4.4. Possible Physical Reasoning Behind Increased Precipitation Extremes Across India

In general, the possible physical reasoning behind this increased frequency and intensity of precipitation extremes
is difficult to ascertain, except the general consequence of changing climate and increased anthropogenic activ-
ities. Stated this, we like to mention that a recent study by Suman and Maity (2020), utilizing future projections
from multiple CMIP5-CORDEX simulations, may throw some light on this. Suman and Maity (2020) considered
the entire South Asia domain including the Indian Ocean region to understand the plausible dynamics behind
the increasing precipitation extremes over India. Though CMIP5 was used, the multi-model analysis revealed a
non-uniform spatial pattern of increasing air temperature and vertically integrated precipitation water over the
entire domain of south Asia. In particular, a significant increase in air temperature was projected over the Tibetan
Plateau and the Himalayas—a hopping 5°C increase toward the end of the century under the worst climate change
scenario. On the other hand, the precipitable water was also shown to increase significantly over the Indian Ocean
region. These two factors, coupled with potentially enhanced Indian Ocean Dipole (Cai et al., 2013) may create
a favorable physical condition for Indian Summer Monsoon (ISM). All these factors may eventually result in
increased extremes in various parts of the country. In addition to that, overall increased air temperature through-
out India, particularly in the north-west portion or HPZ-1 (Mishra et al., 2020) may augment the possibility of an
increased moisture-holding capacity of the atmospheric column following the Clausius-Clapeyron relationship
(Trenberth, 2011), resulting in more extreme precipitation events over north-west India. Moreover, a recent study
by Singh et al. (2022) evidently identified the increased surface pressure over the Tibetan plateau as a prime
factor behind such increased precipitation over north-west India.

Further analysis by Suman and Maity (2020) on moisture flux deviation during the monsoon months reveals an
intensification of eastward moisture flux over the Indian Ocean and Arabian sea region, resulting in the entry
of more moisture-laden wind over south India through the western coast—causing an overall enhancement of
precipitation extremes over the southern part of the country. However, due to the existence of the Western Ghats
mountain range along the western coast of India, more frequent extreme precipitation events may occur on the
windward side (HPZ-3) of the mountain range.

This perhaps explains the reason behind the more projected increase in extreme precipitation over the western
coast compared to the eastern coast in future as found in our analysis. However, more insightful analysis involving
various variables, such as air temperature, precipitable water, moisture flux and convergence, is indeed required
to explain the zone-specific projections of precipitation extremes. So far the physics behind the simulation are
concerned, we solely depend on the schemes adopted by different climate models to simulate these afore-said
variables. However, these schemes may not be perfect always and hence as a standard practice, we utilize simu-
lation from multiple models while drawing the conclusions. To understand further on the reasoning, an analysis
through RCMs forced by the outputs from the GCMs would be adopted. However, this would lead to another
direction toward future scope of the study, and not within the scope of the current study.

5. Conclusions

In this study, the observed historical and expected future changes in different characteristics of precipitation
extremes (total precipitation, frequency, and intensity) are assessed across the Indian mainland for five different
levels of extreme precipitation (95th, 99th, 99.9th, 99.95th, and 99.97th percentiles). Multi-model ensemble
mean from 14 state-of-the-art GCMs from CMIP6 are utilized for projections of precipitation extremes over
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the near-future (2021-2060) and far-future period (2061-2100). The specific conclusions from the study are as
follows:

¢ The change in total precipitation above a certain extreme threshold is a function of changes in its intensity and
frequency-both. However, the major contribution comes from the changes in frequency. However, the effect
of intensity changes cannot be denied, of course. Such frequency-dominated increase in precipitation extremes
is observed in most part of the Indian mainland after the year 1980 and is expected to continue at a similar or
even faster rate in the future.

e A strong gradual strengthening of frequency and intensity increase is observed in the historical, as well as
future period, leading to an overall increase in total extreme precipitation with the rareness of the precipitation
extremes.

e The future changes in precipitation extremes are mostly comparable in the near-future period under SSP245
and SSP585. However, in the far-future period, SSP585 surpasses SSP245 substantially, indicating a possible
impact of anthropogenic activities on such an increase in precipitation extremes.

¢ The HPZ-wise analysis over the historical period reveals that the maximum amount of increase in precipita-
tion extremes is observed in the southern half of the country (HPZ-3 and HPZ-4), whereas the climatologi-
cally high precipitation zone HPZ-6 (north-east India) shows the minimum increase.

e However, in the future, the high-precipitation zones such as Western Ghats (HPZ-3) and north-east India
(HPZ-6) show the maximum amount of increase in frequency, especially in the case of higher extreme
events. For lower extremes, the low-precipitation region (HPZ-1) shows the maximum amount of increase in
frequency. Peninsular India (HPZ-4), another low-precipitation zone, shows the highest level of increase in the
intensity of precipitation extremes, especially for the higher extreme events.

Finally, this increasing pattern of extreme precipitation is expected to impact the society by increasing the number
of its occurrences and/or its intensity. Such substantial increases in frequency and intensity must be considered
in the revised planning, designing, and future risk assessment of any high-risk water resources infrastructure.

Data Availability Statement

The daily gridded observed rainfall data set for entire Indian mainland is obtained from of the India Meteor-
ological Department (IMD), as mentioned in the in-text data citation reference Pai et al. (2014), and also can
be accessed online via https://www.imdpune.gov.in/Clim_Pred_LRF_New/Grided_Data_Download.html. The
simulated future daily precipitation datasets (2021-2100) are obtained from 14 state-of-the-art GCMs from the
Earth system Grid Federation Archive, that is, https://esgf-node.llnl.gov/search/cmip6/. All the figures in this
manuscript are prepared using either MATLAB software (version R2021a, URL: https://in.mathworks.com) or
Microsoft EXCEL 2016.
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