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Abstract: Globally, changes in hydroclimate extremes such as extreme precipitation events influence
water resources, natural environments, and human health and safety. During recent decades, India
has observed an enormous increase in rainfall extremes during the summer monsoon (June to
September) seasons. However, future extreme rainfall events have significant uncertainty at the
regional scale. Consequently, a comprehensive study is needed to evaluate the extreme rainfall events
at a regional river basin level in order to understand the geomorphological characteristics and pattern
of rainfall events. In the above purview, the current research focuses on changes in extreme rainfall
events obtained through observed gridded datasets and future scenarios of climate models derived
through the Coupled Model Intercomparison Project (CMIP). The results highlight a significant rise
in the extremes of precipitation events during the first half of the 21st century. In addition, our
study concludes that accumulated precipitation will increase by five days in the future, while the
precipitation maxima will increase from 200 to 300 mm/day at the 2-year, 50-year, and 100-year
return periods. Finally, it is found that during the middle of the 21st century the 23.37% number of
events will increase over the TRB at the 90th percentile.

Keywords: flood; extreme rainfall; standardized precipitation index; generalized extreme value
distribution

1. Introduction

The Himalayan Mountains are the main driver of extreme rainfall events during the
Indian Southwest Monsoon that ranges over the Sikkim region in south-central asia [1-3].
An increase in the frequency of extreme weather events and significant changes in rainfall
patterns due to climate change adversely impact the river basin geomorphology and
subsequently lead to fluvial floods [4-8]. During recent years, the number of cloudburst
events over the high-altitude river basins has increased, which has caused extensive and
widespread loss to both property and life [9-14].

Changes in rainfall extremes and the frequency of severe floods in different Indian
river basins have been observed from the beginning of the 20th century [6,15-20]. Of such
river basins, the Teesta River Basin (TRB), based in the mountainous region of northeast
India, has been increasingly affected by extreme rainfall every year [21,22]. These extreme
rainfall events over the W-E direction of Sikkim, representing the combined river discharge
of the Rangeet, Teesta, and Lachend, have resulted in a rise in water levels and caused
flooding downstream of the TRB.

Previous researchers have used morphometric analysis to manage extreme events and
design control management for floods [22-28]. Youssef et al. [29] state that morphometric
parameters such as the form factor, drainage density, etc., are widely used to define the
flash flood potentials in a river basin. The morphometric analysis of a river basin explains
the hydrological processes (flood, sediment load, erosion, etc.) as well as the watershed
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geomorphology [30,31]. Several studies have been conducted on morphometric charac-
teristics to understand hydrological system and flash flooding events during the last two
decades [21].

Of these different studies, General Circulation Models (GCMs) and Regional Circula-
tion Model (RCMs) have been used to project extreme precipitation in the 21st
century [15,32-34] GCMs are projected models derived by different Representative Con-
centration Pathway (RCP) scenarios, which resemble low to high greenhouse gas (GHG)
emissions pathways [35,36]. RCPs describe different climate futures, all of which are con-
sidered possible depending on the volume of GHG emitted in the years to come. Research
performed by [37] used RCP 8.5 (high emission pathway) to estimate the projected change
in the frequency of extreme rainfall over the different river basins in India. It was esti-
mated that the frequency of extreme rainfall will increase prominently in India during
the middle and end of the 21st century [11]. To evaluate extreme precipitation events,
the annual maximum daily precipitation is a significant hydrological variable [38], and
several methods have been developed to analyse the extreme precipitation index using
those methods. Of these methods, the Generalized Extreme Value Distribution (GEV) based
on Extreme Value Theory (EVT) has proven reliable for evaluating extreme precipitation,
and could be an ideal method for analysis of hydrological hazards such as floods [39,40].
Another efficient method, the Standardized Precipitation Index (SPI), provides significant
hydrological results by monitoring the average rainfall percentage for a region [41-43]. The
Extreme Precipitation Index (EPI) is another useful index used to determine the frequency
of extreme rainfall events, and can be used to estimate the magnitude, intensity, and per-
sistence of flooding [34,41]. Studies have implemented the SPI for flood analysis using
precipitation as an input on monsoon time scales of four months, while the twelve-month
SPI indicates the long-term wet period over the study area [26,43—45].

The TRB faces a flash flood situation which creates havoc in local areas almost every
year. In 2012, flash flooding induced a series of landslides that killed 22 people and
damaged a 30 km stretch of highway in North Sikkim [46]. Recently, on 28 June 2020, the
TRB experienced heavy rainfall that led to flash floods, leaving a trail of destruction in
upper Dzongu, Sikkim [47]. Several studies have been conducted based on flash flooding
in the TRB [21,22]. However, only a few studies have focused on the topic of changes in
rainfall extremes, and no studies were found in our literature survey that dealt with climate
change and its impact on rainfall extremes in the TRB. Therefore, it is important to know
how possible future climatic changes will affect the intensity and spatiotemporal variability
of rainfall in the TRB. To this end, the present study focuses on evaluating extreme rainfall
events in present and future scenarios using simulated outputs from the Coupled Model
Intercomparison Project (CMIP5) for the TRB. In order to understand the basin’s behaviour
and hydrological response, morphometric analysis is used to link extreme events with basin
functions. A detailed analysis of extreme rainfall events from 1970-2005 and projected
scenarios from 2006-2070 are provided, along with indices such as EPI, SPI, GEV, and their
spatial distributions.

2. Materials and Methods
2.1. Study Region

The Teesta river originates in the Teesta—Khangtse glacier in the Himalayas, flows
through the Indian states of Sikkim and West Bengal, and eventually reaches a confluence
with the Brahmaputra River in Bangladesh, flowing in a north-south direction, as shown in
Figure 1. The TRB, which covers an area of 12,540 km?, is influenced by the Indian summer
monsoon (ISM). Its topographical variation causes steep runoff, frequently resulting in
flooding over the river catchment area [22]. During the monsoon season from June to
September, variation in precipitation of around 4000-6000 mm has been recorded at the
hilly region, while 1000-2000 mm has been recorded near the Rangit valley [22].

To understand the hydrological responses of the river basin, the hydro-geomorphological
characteristics of the TRB are shown in Table 1. The Teesta river basin has a high discharge
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ability due to its high relief ratio (88.16-14.78) [26,48], i.e., the basin has a steep structural
ridge sloping south-westward. Figure Al shows the drainage stream delineated using

spatial analysis tools in ArcGIS 10.4.
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Figure 1. The location map of the study area; weather systems are shown using a shuttle radar
topographic mission (SRTM) digital elevation model (DEM) of the central and eastern parts of India.

The study area (Teesta Basin) is outlined in red.

Table 1. Morphometric aspects of the linear, area, and relief parameters of the TRB.

Morphometric Parameters Mw SW1 SW2 SW3 Swa
(Teesta) (Lachung) (Lachen) (Rangeet) (Rangpo)
Linear
Bifurcation ratio (Rb) 4.35 3.51 4.07 4.22 3.12
Rho coefficient (q) 0.22 0.17 0.12 0.13 0.18
Areal aspect
Drainage density (Dd) 0.5 0.52 0.51 0.2 0.46
Stream frequency (Fs) 0.17 0.21 0.18 0.08 0.17
Drainage texture (T) 1.13 0.93 0.97 0.68 0.69
Length of overland flow (Lg) 1 0.96 0.98 2.44 1.08
Constant of channel maintenance (C) 1.99 1.92 1.96 4.89 2.16
Form factor (Rf) 0.05 0.22 0.25 0.58 0.23
Circulatory ratio (Rc) 0.05 0.36 0.2 0.21 0.35
Elongation ratio (Re) 0.25 0.53 0.57 0.86 0.54
Relief aspect
Basin relief (R) (km) 6874 6514 6874 5915 4612
Relief ratio (Rr) 14.78 86.89 61.7 63.24 88.16
Ruggedness number (Rn) 3.5 2.59 2.73 1.18 2.02

MW = Main watershed, SW = Sub watersheds.
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2.2. Data Sources

To delineate the watershed and subsequently examine the morphometric analysis
of the complete drainage network of the TRB, the Shuttle Radar Topography Mission
(SRTM) Digital Elevation Model (DEM) with 30 m spatial resolution was used. The
gridded daily rainfall data at 0.25° x 0.25° spatial resolution for 49 years (1970-2018)
was provided by the Indian Metrological Department (IMD), and was used to analyse
the current extreme precipitation (baseline) situation in this study. The climate model
datasets for the South Asia region were downloaded from the Climate Data Portal (http:
/ /ccer.tropmet.res.in/home/cordexsa_datasets.jsp, accessed on 10 January 2023) of the Cen-
tre for Climate Change Research—Indian Institute of Tropical Meteorology (CCCR-IITM).
These datasets comprised the Coordinated Regional Climate Downscaling Experiment
(CORDEX) South Asia Regional Climate Model (RCM), with selected outputs of three
ensemble members of the Conformal Cubic Atmospheric Model (CCAM) driven by the
Coupled Model Intercomparison Project (CMIP5) of the Atmosphere—Ocean Coupled
General Circulation Model (AOGCM) (CCSM4, CNRM-CM5, and GFDL-CM3).

Extreme rainfall events were calculated for historical (1970-2005) and projected (2006—
2070) time periods using the high emission climate scenario of RCP 8.5. The IMD rainfall
data (1970-2018) were reconstructed in grid format at 0.5° x 0.5° spatial resolution using
the Inverse Distance Weighting (IDW) method to match with the resolution of simulated
model outputs [49]. In addition, all the meteorological variables were resampled on the
same spatial resolution of 0.5° x 0.5° to use in the study. The complete details of the data
are provided in Table 2.

Table 2. Specifications of datasets.

Data Used Spatial Resolution Source Time Period Data Source

DEM 30m SRTM —_— http:/ /srtm.csi.cgiar.org

Observed Gridded Rainfall ~ 0.25° x 0.25° IMD 1970-2018 http://dsp.imdpune.gov.in/
1970-2005

gggli/{tﬁ;\IRM-CMS ! 0.5° x 0.5° CCCR, IITM gg&zgs;%l) http:/ /ccer.tropmet.res.in
(Projected)

2.3. Generalized Extreme Value (GEV)

The GEV distribution is established under the Extreme Value Theory (EVT) and is
related to the continuous probability [50,51]. Extreme rainfall is estimated following the
block maxima theory, that is, extremes are computed as the annual maxima of daily rainfall.
EVT is the statistical approach to the analysis of the probability of hydroclimate extreme
events. Based on the EVT theorem, this study fitted the GEV distribution for the annual
maximum rainfall to find the outcomes that best describe the probability distribution of the
hydroclimate extremes [39,51]. According to Coles et al. [52], the cumulative distribution
function (CDF) for non-stationary GEV is summarized in Equation (1):

—1

GEV(x, 1) = exp[—(1+{(1))x — %)]M (1)

where x represents the rainfall to be modeled and u(t), o(t), and {(t) signify the time-
dependent location, scale, and shape parameter, respectively. This study model was fitted
using the “extRemes” package available in the R computing environment [50,53].

2.4. Precipitation Anomaly Indices

The Standardized Precipitation Index (SPI) is estimated using precipitation as the
input by fitting the gamma distribution to 12-month running climatological precipitation
time series through maximum likelihood methods [42] (Table 3). The estimated SPI values
are based on only rainfall, while the outcomes as organized by negative to positive values
represent the dryness and wetness over the study area (Table 3).
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According to [54], the Rainfall Anomaly Index (RAI) assign the rank of the rainfall
values as per Equation (2) below:

RAI = +SF x [M] )

m—p

where p; = the monthly rainfall, i = the month, p = the long-term rainfall average, 7 = the
mean of the ten highest or lowest rainfall values, and + SF = arbitrary threshold values of
+3 and —3.

Table 3. SPI and RAI classification according to their original definitions as applied in this study.

SPI Description RAL

(McKee et al. [42]) P (VanRooy [54])
>2.00 Extremely wet >3.00

1.50 to 1.99 Very wet 2.00 to 2.99
1.00 to 1.49 Moderately wet 1.00 to 1.99
0.50 to 0.99 Slightly wet 0.50 to 0.99
—0.49 to 0.49 Near normal —0.49 to 0.49
—0.99 to —0.50 Slightly dry —0.99 to —0.50
—1.49 to — 1.00 Moderately dry —1.99 to —1.00
—1.99 to —1.50 Very dry —2.99 to —2.00
<-2.00 Extremely dry <-3.00

2.5. Extreme Precipitation Indices (EPI)

Easterling et al. [41] state that extreme rainfall is explained as a topography region
experiencing catastrophic rain for a short-term or long-time duration.

We examined the trend of intense rainfall over the time scale by using it to improve
indices with numerous estimation factors. In this study, four EPI indices were evaluated to
address extreme events based on three categories, i.e., magnitude, intensity, and persistence,
as shown in Table 4 [34,55]. All indices are related to very wet and extreme events: Pn10mm
(number of days with precipitation >10 mm), PRwn90, PRwn95, and PRwn99 (computing
the 90th, 95th, and 99th percentiles of precipitation on wet days), RxXSmax (computing the 5-
day total accumulated precipitation), Pnl90 (Number of events > long-term 90th percentile),
and Pint (rainfall per day > 1 mm). According to [34], these indices can maximize the
correlation in different climate analyses.

Moreover, we computed the daily rainfall at different percentiles levels as a fraction of
the total rainfall from extreme rainfall events.

Table 4. Extreme precipitation indices.

Category Index Unit Definition
PRwn90
Precipitation magnitude ~PRwn95 90th, 95th and 99th percentile of precipitation on wet days
PRwn99
Rx5max mm Greatest 5-day total rainfall per year
Precipitation intensity Pint mm/d Simple daily intensity (rain per rain day > 1 mm)
Pnl90 d No. of events >long-term 90th percentile
Precipitation persistence Pnl0mm d No. of days precipitation >10 mm
3. Results

3.1. Evaluation of Rainfall Variability in the TRB

The variation of mean, maximum, minimum, and inter-annual observed IMD rainfall
as well as the simulated precipitation outputs of CMIP5 at the daily, monthly, and annual
frequencies were analysed over the periods from 1970 to 2018 and 1970 to 2070.

Figure 2 shows the temporal variation in the daily rainfall intensity in the TRB. Dur-
ing the 1970s and 1980s, the TRB is found to be highly intensified, with rainfall over
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200 mm/day in 1973. Moreover, during the 2000s and 2010s the TRB has experienced heavy
rainfall intensity (>64.5 mm/day).

The maximum rainfall in a single day has been observed in relation to flood events
during the years 1970-2018, with the years 1973, 1977, 1981, 1984, 1985, and 2009 showing
heavy to extreme recorded rainfall per IMD criteria, i.e., 124.5-244.4 mm/day. In Figure 2,
the red stars represent the maximum daily rainfall events for each year, and range from
40 mm/day to 244 mm/day. The heavy rainfall frequency has increased over the last
decade following the year 2009 (recorded 124 mm/day). The matrix plot in Figure 3 shows
the monthly variation in the rainfall, with notably heavy rainfall per month occurring
during 1970-2018.
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Figure 2. Temporal variation in the intensity of daily maximum IMD rainfall over the TRB; the red
star dots represent the maximum daily rainfall in each year.

During the 1970s and 1980s, the monthly rainfall was found to have the highest peak
(1200 mm/month) in July. However, during the 2000s and later, the monthly rainfall was
found to vary from 0 to 900 mm/month.

Monthly precipitation at Teesta River Basin [mm/month]
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Figure 3. Matrix plot of temporal monthly variation in IMD rainfall over the TRB.

Figure 4a,b shows the probability density of the precipitation between all three ensem-
ble simulated outputs of the CMIP5 model and the observed IMD data from 1970 to 2005
at 0.5° x 0.5° spatial resolution. Figure 4a shows the interquartile model spread (between
the 25th and 75th quantiles). The probability density of the precipitation for the observed
historical period of CMIP5 has been shifted positively from 0.0011 to 0.0028 below the
500 mm /month rainfall, whereas above the 500 mm/month the CMIP5 results are shifted
negatively with respect to the observed IMD (Figure 4a). The correlation between model
(CMIP5) and observed (IMD) monthly mean rainfall was evaluated using a Taylor diagram
for the observed historical period from 1970 to 2005. In Figure 4b, the dotted blue lines
correspond to standard deviations, the green line denotes the centered root mean square
(RMS) difference, and the black dotted lines represent the correlations between model
outputs (CCSM4, CNRM-CMS5, and GFDL-CM3) and ground observations (IMD).
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All three simulated climate model outputs show a good fit with observations. However,
GFDL-CM3 was found to be highly correlated, with a correlation coefficient of up to 0.7
and a Root Mean Square (RMS) difference close to 7.1.

The projected (2006—-2070) frequency of maximum daily precipitation over the TRB
was evaluated, with the results shown in Figure 5. The intensity of the maximum daily
precipitation over the TRB increased in the mid-21st century.

The projected CCSM4 outputs show the maximum daily rainfall as more significant than
340 mm/day, while CNRM-CM5 and GFDL-CM3 show approximately similar variations in
maximum daily rainfall over the TRB. The future trend of extreme precipitation (maximum
values) in all the climate models shows an increasing (positive) trend. The extreme precipita-
tion trend in CCSM4 and CNRM is mostly similar, at 32% and 30%, respectively. Moreover,
the GFDL shows the maximum increasing trend in the future, at close to 54%.

a) b)

0 0.2 Correlation Coefficient

/:" J scesme 7
\ ® CNRM_CM5
| GFDL_CM3

=
g
=

CNRM_OMS
GFOL_CME
0w

0.001

Probability Density

0 2.6 52 i 10
Standard Deviation
Centered RMS Difference

0 500 1000 1500

Precipitaion (mm/month)

Figure 4. (a) Probability density distribution of precipitation (1970-2005) over the TRB. (b) Normal-
ized statistical pattern of extracted rainfall over the TRB simulated model outputs of the CMIP5 with
the observed IMD data from the years 1970 to 2005.
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Figure 5. Projected annual maximum daily precipitation intensity of simulated outputs (2006-2070) of
climate model over the Teesta river basin. The red star dots represent the maximum daily precipitation
for each year, and the red line indicates the trend maximum daily precipitation.

3.2. Hydrological Extremes from GEV Distribution

The fitted GEV was applied based on the block maxima theory for annual maximum
rainfall for the observed and climate model outputs. The fitted GEV distribution trend for
the annual maxima rainfall datasets reflects the significant results. Moreover, additional
study was executed on the extended prolonged time scale with climatic models. The
likelihood ratio test is an analytical approach for concluding the best fit among stationary
and non-stationary approaches. The observed return level was performed over the IMD
rainfall (1970-2018) for 49 years, and the 65 years projected return level was estimated using
CMIP5 simulated outputs (2006-2070). The representation of the fitted GEV for density
and return level are plotted in Figure 6a—h. The GFDL-CM3 was calculated as a 0.011%
probability of rainfall maxima as fitted with the GEV model, having 100 to 200 mm/day
rainfall over the TRB (Figure 6g,h). The IMD showed the highest probability of extreme
rainfall at a 50-year return period, at about 210 mm/day (Figure 6b). However, for a
10-year return period CNRM shows a maximum rate probability of extreme rainfall of
about 250 mm/day (Figure 6f). In contrast, at a 50-year return period CCSM4 shows the
highest value of extreme rainfall conditions, with a return level of 300 mm/day (Figure 6d).
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Figure 6. GEV model density and return-level plot for the observed rainfall (1970-2018) and projected
simulated model outputs (2006-2070) over the TRB in Figure (a,c,e,g). The gray dashed lines indicate
95% confidence intervals in Figure (b,d,f,h), while N denotes the number of years.

Figure 7 represents the return-level plots after fitted annual maxima rainfall at the
2-year, 20-year, and 100-year return periods.

The observed IMD rainfall was found to be 210 mm/day at a 100-year return period.
Moreover, the CCSM4 model projected the highest probability occurrence of extreme rain-
fall greater than 300 mm/day for the 20-year return period and approximately 400 mm/day
for the 100-year return period. However, the 2-year return period had the heaviest projected
rainfall, at greater than 124.5 mm /day. The CNRM and GFDL models both projected nearly
similar results for the 2-year and 20-year return periods, while for the 100-year return
period GFDL showed an approximately 350 mm/day probability of extreme rainfall.
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Figure 7. Return level plot for observed and projected precipitation at the 2-year, 20-year, and

100-year return periods over the basin.

3.3. Temporal Distribution and Future Variation of EPI

To understand extreme precipitation events in the study area, long-term EPI evaluation
in present and future scenarios with specifically defined thresholds was described by
CMIP5 model outputs. The projected linear trend analysis was performed on the three
ensemble outputs of CMIP5 models (2006-2070) for different EPIs of magnitude, intensity,
and persistence as Rx5max, Pint, and Pn10mm, respectively. Figure 8 shows the temporal
variation of EPI for magnitude, intensity, and persistence of the rainfall over the TRB.
Figure 8 shows the temporal changes in the magnitude of the precipitation indices and the
computed values of PRwn90, PRwn95, PRwn99, Pnl90, and Pn10mm, as shown in Table 5.

Table 5. Calculated EPI for projected simulated model outputs of CMIP5.

Precipitation on Wet Days at Percentile
Pnl90 Pn10mm

Model

90th (PRwn90) 95th (PRwn95) 99th (PRwn99)
CCSM4 50.33 68.80 115.40 1243 5927
CNRM 47.72 66.40 112.36 1231 5733
GFDL 48.95 68.07 119.56 1222 5513

For the estimated the precipitation magnitude at the 90th, 95th, and 99th percentile,
we found that GFDL has the highest precipitation value at the 99th percentile; however,
CCSM4 shows the highest precipitation intensity (i.e., the number of events > long-term
90th percentile). PRwn95 shows an 8% increase trend from historical to projected scenarios.
Moreover, in terms of precipitation persistence (i.e., number of day’s precipitation >
10 mm), we found the highest value in the CCSM4 climate model. In terms of uncertainties,
none of the three climate models appear to be particularly relevant in this case.
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Figure 8. Temporal variation in projected model outputs (2006-2070) for CCSM4, CNRM-CMS5, and
GFDL-CM3 scenarios at different extreme precipitation indices as greatest five-day total rainfall per
year (Rxbmax) and simple daily intensity (rain per rain day >1 mm) (Pint), with boxplot of monthly
accumulated rainfall for extreme indices.

Figure 8 shows the projected temporal changes in the TRB in terms of the five-day
maximum rainfall (Rx5max), simple daily intensity (rain per rain day >1 mm), and monthly
rainfall variation. Here, we found the maximum peaks of the five-day accumulated rainfall
(0 to 800 mm/5 days) over the TRB in the CCSM4 model, while GFDL and CNRM showed
less extreme peaks. The highest peaks (>400 mm/5 days) for the five-day accumulated
rainfall were found during the early 21st century from 2015 to 2025 and middle of the 21st
century (from 2045 to 2065) in all three models. The boxplot shows that climate CCSM4
was estimated as the highest monthly rainfall (upper quantile cross 500 mm/month) in the
future during monsoon months (June to August). Moreover, the highest projected rainfall
intensity (>300 mm/day) was estimated from 2015 to 2025 in CNRM and from 2055 to
2065 in the CCSM4 climate model.

Figure 8 represents the intensity of precipitation (Pint) calculated according to EPI as
daily rainfall intensity (rain per day > 1 mm). Pint signifies the wet-day intensity over
the study area. The CMIP5 model projected the increasing trend of Pint over the study
area, except during the 2020s under the GFDL-CM3. As shown in Table 5, Pnl90 signifies
the 759 number of events greater than the long-term 90th percentile over the TRB as IMD
rainfall from 1970-2018, while the CCSM4 and CNRM-CM5 models projected 1243 and 1231
events, respectively, and GFDL-CM3 estimated 1222 events. This indicates that events will
increase by approximately 23.37% in the future at 90th percentile. The projected evaluation
of the EPI of persistence consists of the number of heavy rainy days (precipitation > 10 mm)
(Pn10mm) shown in Table 5. However, the climate model’s simulated output from 2006
to 2040 shows the variation in heavy rainy days, from 5513 to 5927. These changes in
precipitation intensity (Pint) signify the higher projected frequency of flood events in the
study area. CCSM4 projects a higher number of days with rainfall above 10 mm, and has a
higher estimation of extreme rainfall versus the other two GCMs analyzed here. The spatial
variation in projected EPI for the five-day total rainfall and precipitation intensity (Pint)
at (rain per rain day > 10 mm) over the TRB is shown in Figure 9. The spatial changes in
the projected number of precipitation days (rain per rain day > 10 mm) (Pint) over the
TRB varies from 1401 to 7000 days. The Rangpo and Rangeet sub-watersheds were found
to experience the highest amount of precipitation in the future. Moreover, the Lachen
sub-watershed was found to have a lower number of precipitation days (2801 to 3501) in
the CNRM climate model compared to the other two models, CCSM4 and GFDL, which
show approximately 3501 to 4201.
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Figure 9. Spatial variation in projected EPI for the maximum five-day total rainfall per year (Rx5max)
and number of precipitation days (rain per rain day > 10 mm) (Pint) over the TRB. (TRB is shown in
Black color and its sub-watersheds in Red in color).

3.4. Evaluation of SPI and RAI

According to the classification of Van Rooy [54] and McKee et al. [42], the dimension-
less SPI and RAI values were calculated and assigned in nine classes from extremely wet to
dry (Table 3). The SPI was computed over the study area for a twelve-month time scale
(Figure 10). Future estimated extreme events from CCSM4 show very wet to extremely wet
events (1.5 < SPI > 3.0) from 2040 to 2055, whereas CNRM-CM5 and GFDL-CM3 show no
significant pattern in the SPI (Figure 10).

IMD observed rainfall (1970-2018) was used to evaluate the 12-month SPI over the
TRB, which shows very wet (SPI > 1.5) to extremely wet (SPI > 2.0) conditions during the
observed periods (1970 to 1991) for very wet. However, for extremely wet events from 1996
to 2000 and 2010-11 (Figure 10), Figure A2 shows the observed decadal changes in SPI,
which was assessed to estimate the consecutive months compared to the previous years.
Projected extreme precipitation events over the study area have been evaluated from SPI
on a 12-month timescale with the 100-year CMIP5 model ensemble with CCSM4, CNRM-
CM>5, and GFDL-CM3 from 1970 to 2070. Annual SPI shows similar variation in extreme
precipitation events between the period of observed IMD and historical (1970-2005) CMIP5
model datasets. The twelve-month running SPI for the projected period of CNRM-CM5
represents the very wet conditions (SPI > 1.5) in 2020. Moreover, the projected SPIs (1.0 <
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SPI > 2.0) of CCSM4 and CNRM-CMS5 show moderate to extremely wet conditions between
2025 to 2045. In comparison, GFDL-CM3 shows a flood situation from 2060 to 2064, with
SPI > 1.5. Figure 11 shows the projected decadal changes in wet and dry condition over
the TRB. None of the three climate models show any significant results. The three decades
of the earlier 21st century, that is, the 2010s, 2020s, and 2030s, are indicated as wet in the
TRB. However, after the 2040s all the three models project dryness in the TRB.
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Figure 10. The long-term time trends of SPI12 (annual) over the TRB for the period of 1970-2018 for
IMD and 1970-2070 for CMIP5.
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Figure 11. Decadal changes in projected dry to wet conditions from 2011 to 2070: simulated outputs
of CMIP5 models coupled with RCP 8.5.
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The historical and projected probability of the RAI is shown in Figure A3. The CNRM
and GFDL climate show the highest projected probability of rainfall anomalies.

4. Discussion

Geomorphological characteristics play a significant role in elucidating the flood im-
petuosity of a river basin. This research used an elevation model derived from SRTM-DEM
with a 30-m spatial resolution to extract the morphometric characteristics over the TRB
and its four major sub-watersheds. The SRTM reflects radar observations and provides
the perfect topographic features [20]. The morphometric characteristics computed by the
elevation model, such as drainage density, stream magnitude, and relief ratio, show the
essential importance of potential flood measurement [48]. In this study, we found the high
relief ratio, which indicates a steep structural ridge over the sub-watersheds of the TRB;
it reveals an intense discharge in the basin, leading to flooding downstream. Previous
research by Starkel et al. [22] has highlighted the changes in basin tributaries due to extreme
rainfall events in the frontal zone of high mountains over the TRB.

Another previous study by Merz and Bloschl [56] investigated the high drainage
density values that a river basin exerts on flood peaks. The Rangeet watersheds of the
TRB have been calculated as having the highest form factor (Rf) (0.58) value, indicating
that the Rangeet watersheds is characterized by high peak flows and experiences flash
flooding situations. Moreover, a similar finding was confirmed by [31] in his research on
a different river basin with similar topography to that found in the TRB. We found the
highest drainage density for the Ranpo, Lachung, and Lachen tributaries, indicating that
the TRB is vulnerable to flash flooding. Another study by [21] has confirmed that the
Rangpo sub-watersheds, located at a lower elevation on the lower part of the basin, are
prone to flash flooding as well.

In the current study, we have examined the changes in rainfall extremes in the TRB
from the late 20th to the mid-21st century. Our findings show that the highest frequency
and intensity of heavy rainfall events over the TRB have been recorded during the past two
decades. These finding are confirmed by the study conducted by [9], which showed that
cloudbursts in the Himalayan region river basins lead to more flooding due to extreme
rainfall events, including in the TRB. The projected changes in rainfall extremes were
computed by simulating the outputs of the three best climate models based on RCP 8.5 [6].
We found that the GFDL-CM3 has the best fit to the observed rainfall in the TRB as shown
by the density and Taylor plots (Figure 4a,b). The frequency of projected increase in
precipitation extremes in the late 21st century was estimated by the rainfall maxima based
on GEV for the different return periods, consistent with [11,57]. In this study, we applied
seven extreme precipitation indices (magnitude, intensity, and persistence) to evaluate
the changes in precipitation extremes in the TRB. The projected changes in precipitation
extremes in the simulated outputs were carried out using seven EPIs, showing significant
increasing patterns of precipitation over the TRB. A similar study was reported by [34],
where different river basins with the same climatic condition were studied. The SPI method
at a 12-month time scale can be used to evaluate significant changes in extremely dry
and wet events, helping to evaluate extreme hydroclimatic events [42-45]. The spatial
distribution of SPI represents a slightly to extremely wet situation in the near future
decades (2011-2040), however, the mod-future shows nearly normal to moderately dry
condition over the TRB. Of the projected yearly deviations of precipitation for the three
simulated models, CCSM4 showed significant changes in extremely wet events during
the middle of the 21st century. Along with SPI, RAI was used for both the simulated and
observed datasets, providing significant outcomes that indicate a positive trend in terms of
extreme rainfall.
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5. Conclusions

In this study, we attempted to understand the extreme events in the TRB through
morphometric analysis, indices derived from rainfall obtained through observed datasets,
and a regional circulation model. The study demonstrated significant changes in the
increasing number of observed rainfall extremes.

This study presents the results of projected future changes in extreme rainfall events
over the TRB using three different climate models under the high-emission 8.5 RCP scenario.

Among the three models, GFDL showed a best fit with observed rainfall over the study
area. About 23.37% of events at the 90th percentile were found to increase during the middle
of the 21st century over the TRB. In another analysis, the five-day projected maximum
precipitation led to flooding events during the mid-21st century. The simulated outputs of
the CCSM4 climate model demonstrated a high probability of exceedingly extreme rainfall
events in the 20-year and 100-year return periods. In the historical analysis, SPI showed
heavy rainfalls over the TRB in the most recent two decades. SPI projected an extreme wet
situation in terms of monsoonal rainfall during the mid-21st century. Our study results
obtained using climate models in respect of the observed situation highlight projected
extreme rainfall events under the future climate scenarios over the TRB, and indicate that
the frequency of extreme rainfall events in the TRB should be expected to increase.

Thus, outcomes of this study provide solid support for policy-makers in devising
proper plans to safeguard against future risks due to extreme rainfall events in the TRB.
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Appendix A
This supporting information provides Figures A1-A3, which are discussed in the main
article.
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Figure A1l. Extraction of drainage networks from SRTM DEM.
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Figure A2. Observed decadal changes in wet to dry conditions over the TRB using observed IMD
rainfall data at 0.25 x 0.25 spatial resolution.
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Figure A3. Probability distribution of RAI for the historical and projected time periods.
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