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ABSTRACT. In recent decades, climate change has become a significant global concern, and variations in rainfall
play a vital role in interpreting its impacts. The spatio-temporal analysis of rainfall provides insights into variability in
rainfall patterns. This study investigates the multi-temporal rainfall records from 1983-2022, by utilizing Indian
Meteorological Department (IMD) gridded dataset at a resolution of 0.25° x 0.25°. The seasonal and annual rainfall
variability, magnitude, and trends were estimated using the Coefficient of Variation (CV), Mann-Kendall (MK) test, Sen’s
slope, and Innovative Trend Analysis (ITA) at a 5% significant level in the Mandakini watershed. This study reveals
increased fluctuations in precipitation, with rising trends in monsoon and annual rainfall data. Annual rainfall is notably
higher in the northern and central regions, and the Rudraprayag station has shown considerable variability in CV% (59.77-
130.05) values over the past 40 years, as depicted through spatial interpolation mapping. There are no significant changes
during the pre-monsoon and winter seasons. The Okhimath station, experiencing substantial rainfall, faces heightened risks
of floods, soil erosion, and landslides. The consistent decline in pre-monsoon and winter rainfall may lead to water scarcity,
negatively impacting agriculture and snow deposits, while increased monsoon precipitation raises the risk of flooding and
landslides. This evolving situation in the Mandakini watershed underscores the importance of adaptive management
strategies to mitigate potential impacts on local ecosystems.

Key words — Innovative trend analysis (ITA), Mandakini river watershed, Mann-kendall trend test, Rainfall
variability, Sen’s slope.
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1. Introduction

The combined effects of climate change and
human activities altered the atmospheric processes, leading
to changes in weather patterns and contributing
to variations in long-term climatic trends (Sen 2012).
The increased greenhouse gas concentrations, significantly
affect precipitation patterns on a global scale; from 1901
to 2012, the global mean surface temperature rose by
0.89 °C (IPCC 2013). According to Zhang et al. (2023),
there has been a clear increase in minimum and
maximum temperatures over land surfaces since
1950. However, the magnitude of these changes varies
spatially and temporally across different regions.
Alterations in rainfall concentration can significantly
affect agricultural yields, soil structure, and the frequency
of floods (Caloiero 2014). Understanding the
spatial distribution of climate factors, such as rainfall
and temperature, is essential for assessing the status
of natural resources. Since the 1960s, human activities
have considerably diminished snow cover on continental
and regional scales, disrupting the global water cycle
and contributing to increased climate extremes,
particularly since the mid-20th century (Sonali & Nagesh,
2020; Banerjee et al. 2021). Recent shifts in climate
patterns have adversely affected India’s hydrological cycle,
with multiple sources indicating a rise in global surface
temperatures due to human interventions. In this context,
Vani et al. (2023) emphasize that anthropogenic climate
change is altering monsoon patterns, threatening food
security and economic growth in agriculture, while
Banerjee et al. (2023) explore the impact of climate
variability and human activities on vegetation dynamics in
northwest India. This comprehensive understanding of
climate change and its multifaceted effects is crucial for
developing adaptive management strategies to mitigate
risks and enhance resilience in vulnerable regions. The
examination of hydro-meteorological time series data aims
to identify the pattern in trends, discerning whether they are
upward, downward, or stable and the magnitude of
the trend aiding in understanding their behavior (Meena et
al. 2019; Mandal et al. 2021). In rainfall studies for regional
planning, there is a focus on utilizing regional-scale data
rather than relying on a global scale. This emphasis arises
from the limitations of specificity, variability, and the
restricted resolution of databases at the global level
(Barsugli et al. 2009; Brekke et al. 2009; Das et al. 2021).
Predicting future warming trends with precision at a
regional level is more challenging compared to higher
spatial scales.

The Indian Himalayan region (IHR), particularly
Uttarakhand state, is vulnerable to climate-related
disasters (NDMA 2009), with cloudbursts, flash floods,
landslides, and soil loss increasingly observed over the last
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few decades, where substantial rainfall plays a major role
in accelerating these events. Studies indicate that daily
precipitation exceeding 144 mm significantly increases
landslide risk in the Himalayas (Khare et al. 2017).
The occurrence of calamitous events is often linked to
this heavy rainfall, with extreme rainfall events reported
in various districts of Uttarakhand, such as the Malpa
and Okhimath landslides (1998), the Munsiyari
cloudburst (2009), the Okhimath-Rudraprayag landslides
and cloudburst (2012), the Kedarnath floods (2013),
the Pithoragarh cloudburst (2016), and the Chamoli
flash flood (2021) (NDMA 2009; Banerjee et al. 2020;
Bisht et al. 2022). The changes in both frequency
and quantity of precipitation disrupted the natural
stream flow pattern, imparting soil erosion (Srivastava et al
2014; Malik et al. 2019). Several studies have
been conducted on spatiotemporal trend and magnitude
by using parametric and non-parametric tests (Yadav et al.
2014; Gajbhiye et al. 2015; Meshram et al. 2017; Meena et
al. 2019; Das et al. 2021; Agarwal et al. 2021), these
authors investigated the annual and seasonal rainfall trends
over India.

The Mandakini River basin was chosen due to its
vulnerability to flooding and landslides, (Joshi & Bohat.
2024) making it a critical area for studying environmental
resilience. The basin is ecologically and culturally
significant, supporting local agriculture, tourism, and
traditional livelihoods. Insights gained here can inform
strategies for similar Himalayan regions facing climate
risks. Furthermore, limited investigations were reported on
spatiotemporal mapping of rainfall on the watershed scale
in the Rudraprayag district, and in this study, the detailed
examination of rainfall variability on monthly and annual
periods for the Mandakini River watershed has been
analyzed so, this study aims to achieve the following
objectives: (i) To examine the spatiotemporal trends of
seasonal and annual rainfall in the Mandakini River
watershed over 40 years (1983-2022) using the Mann-
Kendall and Sen’s slope tests. (ii) To detect temporal trends
through the Innovative Trend Analysis (ITA) method. (iii)
To analyze seasonal variability in the pre-monsoon,
monsoon, post-monsoon, and winter seasons within the
Mandakini River basin from 1983 to 2022.

2. Data and methodology

2.1. Geographical setting of the study area

The Mandakini River basin comprises a total area
of ~1645 sq. km and it is located between 30°19'00"N
to 30°49'00"N latitude and 78°49'00"E to 78°21'31"E
longitude (Fig. 1). The tributaries of the Mandakini
River are Vasuki Ganga, Madhyamaheshwar Ganga, Kali
Ganga, Sina Gad, Kyar Gad, Mandani Ganga, Kakra Gad,
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Fig. 1. Location map of the study area showing (a) India (b) Uttarakhand state (c) Mandakini River watershed

and Laster Gad. The Mandakini River basin lies majorly in
the Rudraprayag district of Uttarakhand state and is
partitioned into 4 tehsils, i.e., Rudraprayag, Jakholi,
Okhimath, and Basukedar. The elevation profile of the
watershed ranges from 586 to 6970 m. The study region is
characterized by gentle to moderate slopes (0°-17°) and
moderate to steep slopes (18°-26°), with a large portion of
the area falling under moderately steep terrain, while only
a small segment in the northern part exhibits very steep
slopes. (Bohat and Joshi, 2024). The study area falls within
the zone (v) category of the earthquake and the northern
part of the district experiences serious earthquakes (Bisht et
al. 2022).

2.2. Climate

The average annual precipitation of the Rudraprayag
district is 1867 mm. Fig. 2 shows the Box-Whisker plots
for all stations, where all the stations exhibit inconsistent
patterns in rainfall within the watershed throughout the year
(Figs. 2a-d). An increasing trend in rainfall has been
observed during the monsoon season (June to September),
as shown by the Box-Whisker plots for four different
seasons in Fig. 2e. The relative humidity is higher in
the monsoon season. The coefficient of variation for the
annual rainfall ranges from 1.44% to 39.34%. The
maximum temperatures ranging from 30° to 35 °C and
minimum temperatures ranging from 0° to 8 °C, the region
experiences a significantly cooler climate. January is the
coldest month while temperature ranges to maximum in
June. In the upper basin, the western disturbances bring a
lot of snow during the winter season.
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TABLE1

Location and data availability of rainfall

Name of Latitud Longitud  Altitude Rainfall data
station e e (year)
Sonprayag 30.63 79.99 1829 1983-2022
Duggal Bitta ~ 30.49 79.17 2600 1983-2022
Okhimath 30.51 79.09 1311 1983-2022
Rudraprayag ~ 30.29 78.98 895 1983-2022

2.3. Data collection

The gridded rainfall datasets with spatial resolution
(0.25° * 0.25°) were extracted from the Indian
Meteorological Department (IMD), Pune (Pai et al. 2014)
(https://www.imdpune.gov.in/cmpg/Griddata/Rainfall).
Initially, 10 locations were picked across the watershed.
However, as the data values appeared similar across these
points, the analysis was focused on four specific locations.
This decision accounted for the coarse resolution of the
gridded NetCDF (Network Common Data Form) data and
the limited availability of observational data in
mountainous regions. The four rainfall point locations were
chosen to ensure a more reliable and representative
analysis.

For this research, precipitation data of 40 years
(1983-2022) was considered. Four rainfall locations
named  Sonprayag, = Okhimath, = Duggal  Bitta,
and Rudraprayag (Table 1) were selected to be analyzed
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Figs. 2(a-e). Box-whisker plots of stations and seasonal-wise data (a) Sonprayag (b) Duggal Bitta (c) Okhimath (d) Rudraprayag (e) Seasonal

thoroughly (Fig. 3). The corresponding NetCDF data was
processed and converted into a format suitable for further
analysis in Excel. The gridded NetCDF format was chosen
for its simplicity and effectiveness in analyzing self-
descriptive geoscience data, making it widely used in
geoscience workflows (Woolf et al. 2003; Vani et al.
2023).

The IMD, Pune's guidelines are adopted for this study,
which takes into account all four seasons in a year. As a
result, afour-season time series was adapted for
the seasonal rainfall time series analysis: (i) pre-
monsoon (March-May) (ii) monsoon (June-September)
(iii) post-monsoon (October-November), and (iv) winter
(December-February) (Mala and Kesarwani 2019; Malik et
al. 2019; Banerjee et al. 2023). By adding the daily
precipitation data over the corresponding periods,
transformed into monthly, seasonal, and annual rainfall
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Fig. 3. Flow chart of the methodology
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Figs. 4(a-e) Combo graph showing seasonal and annual rainfall trend over four stations including CV% (a) Pre-monsoon (b) Monsoon
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time series using apivot table in Excel. The spatial
variability and trend maps for seasonal and annual rainfall
were prepared by using the IDW interpolation method in
the ArcGIS environment.

2.4. Statistical quantification of seasonal and annual
rainfall

The key statistical attributes of the rainfall time series
data were analyzed to identify trends and fluctuations
(Table 3). Statistical parameters, including mean,
minimum, maximum, standard deviation (SD), and
coefficient of variation (CV%), were calculated for the four
rainfall stations. Seasonal precipitation data (pre-monsoon,
monsoon, post-monsoon, and winter) as well as annual
precipitation data, along with CV%, were visualized using
combination graphs to compare variations across years and
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stations (Fig. 4). Additionally, the CV% and average
precipitation data from all hydro-meteorological stations
were spatially mapped using interpolation techniques to
illustrate regional variability (Fig. 5).

2.5. Detection of trend and magnitude

2.5.1. Mann Kendall (MK) test

The Mann-Kendall (MK) test is used to identify
monotonic patterns and trends in time series datasets (Mann

1945; Kendall 1975). The MK test examines the median of
the dataset, in contrast to the average, and focuses only on

median-related evaluations. The Mann-Kendall test
statistic S is defined as:
S=3r ir1 Sign(xj - xi) M)
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TABLE 2

Descriptive statistics of seasonal and annual rainfall data (1983-2022)

Statistical parameters Sonprayag Duggal Bitta Okhimath Rudraprayag
Pre-monsoon
Minimum 33.61 14.03 10.32 2.09
Maximum 374.63 386.88 437.70 427.18
Mean 204.78 201.34 207.91 154.84
SD 97.83 99.12 107.41 92.55
Kurtosis -1.14 -1.17 -0.85 0.96
CV% 47.77 49.23 51.66 59.77
Skewness 0.25 0.13 0.42 0.76
Monsoon
Minimum 293.46 406.19 344.55 143.51
Maximum 1503.28 1910.80 1940.19 1708.71
Mean 942.91 926.51 1083.30 859.50
SD 308.46 331.21 428.88 348.19
Kurtosis -0.77 091 -0.92 0.23
CV% 32.71 35.75 39.59 40.51
Skewness 0.26 0.88 0.48 0.47
Post monsoon
Minimum 1.72 0.00 1.04 0.00
Maximum 143.55 188.34 147.41 195.79
Mean 36.46 36.50 34.61 30.05
SD 36.71 39.57 35.06 39.58
Kurtosis 2.72 5.01 3.50 7.10
CV% 99.42 107.05 100.03 130.05
Skewness 1.70 1.97 1.75 2.33
Winter
Minimum 15.52 18.65 15.19 7.61
Maximum 324.15 287.00 342.38 308.93
Mean 141.91 134.52 142.86 122.40
SD 70.99 68.55 80.44 70.29
Kurtosis -0.02 -0.03 041 0.08
CV% 49.40 50.32 55.59 56.70
Skewness 0.54 0.55 0.78 0.52
Annual
Minimum 492.69 669.29 560.76 238.62
Maximum 1906.10 2311.43 2383.33 2010.94
Mean 1326.05 1298.87 1468.68 1166.80
SD 362.68 359.06 496.88 402.07
Kurtosis -0.71 0.48 -1.05 0.11
Skewness -0.08 0.71 0.32 0.27
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TABLE 3

Result of Mann-Kendall and Sen's slope method

Tests Sonprayag Duggal Bitta Okhimath Rudraprayag
Kendall's tau -0.151 -0.174 -0.131 0.036
Pre-monsoon Sen's slope -1.799 -2.500 -1.714 0.644
p-value 0.173 0.116 0.239 0.753
Kendall's tau 0.197 0.310 0.162 0.295
Monsoon Sen's slope 7.74 12.633 8.339 13.693
p-value 0.075 0.005 0.145 0.008
Kendall's tau 0.049 -0.003 0.038 0.136
Post monsoon Sen's slope 0.124 -0.007 0.125 0.36
p-value 0.666 0.991 0.735 0.221
Kendall's tau -0.156 -0.110 -0.136 -0.049
Winter Sen's slope -1.358 -1.182 -1.178 -0.577
p-value 0.159 0.322 0.221 0.666
Kendall's tau 0.095 0.185 0.079 0.285
Annual Sen's slope 5.137 9.724 7.201 14.977
p-value 0.395 0.096 0.477 0.010
where x; and x; represent the data values at time i and j Sl ifS>0
(j > 1), respectively, and nis the total number of yvar®)®
observations. The sign function is given by: Zmk = 0'S+1 ?fS =0 ®)
k\/T(S)' ifS <0
+1, if(x]- - xi) >0
sign(x]- —x) =40, if (x]. -x)=0 ) The MK test utilizes_ two h)_/potheses for its analysis: Null
1 if (x]- _ xi) <0 hypothesis (Ho), WhICh p05|_ts th_e a_b_sence of_a tr_end, and
’ alternate hypothesis (Ha), which signifies the rejection of Ho,

For large sample size n = 10, The statistic ‘S’
follows an approximately normal distribution with mean E
(S) and Var (S). The expected value of ‘S’ is:

E(S) =0

The variance of ‘S’ for data without tied values is
calculated as:

n(n-1)(2n+5)
18

Var(S) = 3)
In the presence of tied values (equal data points), the
variance is adjusted as:

n(n—-1)(2n+5)-3F_| t;(t;~1)(2t;+5)
18

Var(S) =

(4)

where, P is the number of tied groups and %, is the
number of data points in the i tied group. The Zuk esteem
is utilized to figure out that the time series data is
showing a significant pattern and utilizing the following
equation:
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indicating the presence of an upward or downward trend in
datasets at the 0.05 level of significance (Gajbhiye et al.
2015; Meshram et al. 2017; Malik et al. 2019; Jayanta et
al. 2020; Agarwal et al. 2021).

2.5.2.  Magnitude estimation using Sen’s slope

Sen (1968) pioneered a non-parametric method based
on a linear model for estimating the actual slope of a trend.
Sen’s slope method is applied by calculating the median
rate of change per time unit and these slopes for all ordinal
time point pairs, the total slope has been estimated as
follows:

Xl

Qi = l:__;‘j,for P>

(6)

where Q is the slope between the data points, x; and x; are
data values at time i andj. For a dataset with =n
observations, all possible slope estimates Qi are calculated,
and the overall Sen’s slope @ is determined as the median
of these values:

Q = median(Qi) @)
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A positive value of Q indicates an increasing trend,
while a negative value indicates a decreasing trend over
time.

2.5.3. Innovative Trend Analysis (ITA)

The MK test is ineffective, if the series exhibits serial
correlation so, the Sen (2012), recently developed the ITA
test to resolve the serial correlation issue. In this test, the
time series datasets are divided into two halves, the first
half (horizontal axis) of the whole time series is plotted
against the second half part (vertical axis). When the
plotted points fall exactly on a1:1 (45°) straight line
(trendless line), it demonstrates no pattern in the series. If
the data points are located above the trendless line, it
denotes the upward trend in the dataset and vice versa. The
data series is classified into low, medium, and, high groups.
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The ITA test is computed using following equation (Sen
2017):

()

where, §1 and §, are arithmetic mean of first and second
half of time series dataset, and ‘n’ is the total number of
data in the series. The standard deviation of slope is
calculated as follows:

_22 1,
%= n\/zo- 1 pJ’lJ’z (8)
where, ‘c’ is the standard deviation of complete data series;
‘py152’ denotes the cross correlation between the ascending
sorted two halves average of the series. The upper and

lower confidence limit (CL) of the trend slope at a level of



BOHAT et al. : SPATIO-TEMPORAL ANALYSIS OF RAINFALL DATASET IN THE MANDAKINI WATERSHED, INDIA

significance are represented using the following
expression:
CLi_q = 0 % 5¢ri05 )

The alternative hypothesis of a significant trend
is accepted at level of significance if the slope value
of each station lies between the lower and upper CL
values.

3. Results and discussion

The study encompassed the examination of temporal
patterns in the rainfall time series data of seasonal (pre-
monsoon, monsoon, post-monsoon, and winter) and annual
precipitation. This assessment was executed by employing
the MK and Sen’s slope test with statistical significance set
at a 5% level, across all the designated meteorological
stations i.e., Sonprayag, Okhimath, Rudraprayag,
Duggal Bitta. The spatial arrangement of trend values
for both seasonal and annual data was represented
through ArcGIS’s Inverse Distance Weighted (IDW)
interpolation method. The precipitation measurements of 4
stations utilizing long-term 40-year precipitation time
series data for seasonal and annual are summed up in
Table 2.

3.1. Temporal variability analysis of seasonal and
annual rainfall data

3.1.1. Trend, variability, and magnitude estimation
of pre-monsoon season

The mean rainfall ranges of all the stations from
154.84 (mm) to 204.78 (mm), where the minimum
precipitation observed in Rudraprayag and the maximum in
Okhimath (Table 2). The mean of standard deviation (SD)
of pre-monsoon (99.23) and platykurtic distribution of
datasets indicates fewer extreme values. The Rudraprayag
station has ahigher CV % (59.77) followed by
the Okhimath (51.66) station suggesting a significant
amount of dispersion in data. The major variation in rainfall
was observed in the year 1999, which is considered a
drought year for the whole Uttarakhand state (Kumar et al.
2017) (Fig. 4 a). The skewness of the pre-monsoon season
(0.13-0.76) shows the right skew distribution in the 1983-
2022 rainfall data. The pre-monsoon season shows a
negative trend in the MK test with no significant trend
observed in all hydro-meteorological stations and a weak
negative correlation depicted by Kendall’s tau values
(Table 3). The pre-monsoon season marks the beginning of
the growing season, when demand for water in rainfed
agriculture is high. Decreasing rainfall has led to
the abandonment of agricultural lands. Variability and
decline in rainfall can significantly influence ecosystem
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processes, as reduced precipitation is closely
associated with lower net primary productivity and
overall vegetation health (Kumar et al., 2025). A slightly
positive Sen’s slope value for Rudraprayag (0.64),
followed by the downward trend in Sonprayag (-1.79),
Duggal Bitta (-2.50), and Okhimath (-1.71) (Fig. 6). In the
sub-temperate region of Uttarakhand, there was a
significant decrease in pre-monsoon rainfall, showing a
reduction of about 2.38 mm per year from 1980 to
2019 (Kumar et al., 2021). This variability may be
attributed to changes in pre-monsoon atmospheric
dynamics, including weakened convective activity,
variability in Western disturbances. The ITA graph
illustrates the non-monotonic decreasing trend. (Fig. 5
a). These negative trends in pre-monsoon rainfall have
considerable implications for the economy and local
livelihoods (Singh & Mal. 2014).

3.1.2. Trend, variability, and magnitude estimation
of monsoon season

The average precipitation value of the Mandakini
River watershed for the monsoon season during 1983-2022
varied from Rudraprayag (859.50 mm) to Okhimath
(1083.30 mm) (Table 2). About 72% of total rainfall was
received in the monsoon season, which makes this region
prone to flooding, landslides, and soil erosion. In
the monsoon season, Okhimath station has a higher SD,
and the mean SD of monsoon is 354.19, which is relatively
high and suggests greater variability throughout all rainfall
stations. The Okhimath station records the highest
precipitation, linked to the occurrence of landslides,
especially during extreme rainfall events of 1998, 2001,
and 2012 (Martha & Vinod Kumar, 2013), which may be
associated with localized atmospheric instability and
topographic controls. This spatial contrast may be
associated with the complex topography of the region,
particularly the orographic lift influencing the Okhimath.
The Kurtosis value of Sonprayag and Okhimath showed a
platykurtic distribution, whereas Rudraprayag and Duggal
Bitta depicted a mesokurtic distribution. The average value
of CV% (37.14) shows variability in monsoon but lesser
variation in data points as compared to pre-monsoon
months. In ayear, 1996-1998 greater variability in
monsoon pattern leads to devastating landslides in
Okhimath (Das 2015) (Fig 4 b). The maximum rainfall
observed among the four stations was ~1960 mm at
Sonprayag in 2013 year, which led to the Kedarnath flood
and landslide events in the Mandakini River basin (Rautela.
2018). A slightly positive to strong positive skewed rainfall
data observed in all stations suggests some years with
above-average rainfall (Table 2). Notably, the monsoon
season displays an upward trend, especially in the
Okhimath block, suggesting evolving precipitation
dynamics.



MAUSAM, 77, 4 (October 2026), Part-11

(a) Pre-monsoon

&

(b) Monsoon

Sonprayag -
v

H
%

PR Rk TR
" T dva9-512

s w20
B s2.92-54.63
I 5464 - 5634
I 565 - 55.06
W 58.07-50.77
| Watershea |

udraprayag

| sxmi-3is2
| 33833494
[ 34.95-36.08
I 36.06-3707
N 57.48-38.28
I 529394

I 0.41- 4051

Watershed

(e) Annual

math, - |

(c) Post monsoon
e

.

-
\

{d) Winter
y

ot

-~
Reay
o~

{ Sonprayag

y
i Okhimath '
: Duggal bitta
i

S ov%

%
1 99.42- 103.8
3 1 1039 - 1082
z [ 1083 - 1125
I 1126 1169
7213

udraprayag

[ ] watershed

Duggal bitta
Vg "gfv%

4
|49.4-50.44
49

— P
it

1 50.45 - 51

N

A

Duggal bitta
s

!

Legend

CV%

L 27.01-28.01
[0 28.02 - 29.02
[ 29.03 - 30.02
I 30.03 - 31.02
I 31.03 - 32.02
I 32.03 - 33.03
I 33.04 - 34.03

0 22545 Watershed

9

13.5 18
Kilometers

Figs. 6(a-e). Spatial distribution of CV % and mapping rainfall
(d) Winter (e) Annual

The ITA graph illustrates the strongly increasing
trend in high, medium, and low (Fig. 5b) and shows
an increasing non-monotonic trend in the second half
(2003-2022). The trend examined for the monsoon season
using MK and Sen’s slope test is calculated in Table 3. The
MK test results show asignificant positive trend at
(Rudraprayag and Duggal Bitta) and a moderate positive
trend (Sonprayag and Okhimath) at a5% level of
significance (Fig. 6 b).

3.1.3. Trend, variability, and magnitude estimation
of post-monsoon season

The post-monsoon months receive < 3% total rainfall,
whereas Rudraprayag received 21% rainfall which is lesser
as compared to other rainfall stations. Rainfall during this
period is often associated with residual monsoon activity
and the increasing influence of western disturbances. The
mean maximum rainfall among all stations was 195.79 mm,
observed inthe 2021 year, due to heavy non-seasonal
rainfall responsible for increasing water level above
the danger of Alaknanda River (Food list article 2021).
Sonprayag (36.71) and Okhimath (35.06) show less
variability and more consistency in rainfall as compared to
Duggal Bitta (39.57) and Rudraprayag (39.58) (Table 2).
The post-monsoon season  suggests a leptokurtic
(moderately skewed) distribution in all stations with

trend
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(1983-2022) in (a) Pre-monsoon (b) Monsoon (c) Post monsoon

sharper peaks as compared to a normal distribution with
positively skewed data. The substantial variability of
rainfall was observed in the monsoon season. The analysis
using the MK test reveals that Okhimath, Sonprayag, and
Rudraprayag exhibit a weak positive trend in post-monsoon
rainfall, and Duggal Bitta shows a weak negative trend
(Fig. 6¢). A declining or inconsistent trend during this
season may reduce soil moisture recharge and affect crop
preparation, thereby influencing agricultural sustainability
in the region. In contrast, areas like Joshimath, Munsyari,
and Tehri demonstrate either negative trends or no
significant change, indicating a broader decline in post-
monsoon rainfall across Uttarakhand (Singh & Mal, 2014),
which supports the findings of this study. Variability in
their frequency and intensity can lead to fluctuations in
post-monsoon rainfall patterns.

3.1.4. Trend, variability, and magnitude estimation
of the winter season

The statistics of the winter season for 40-year rainfall
datasets are calculated, where maximum precipitation was
observed at Okhimath station (342.48 mm) in the year
1989. Winter months receive ~10% of total rainfall and
Okhimath station received moderately high rainfall among
all the stations. The average rainfall in the winter season
was 134.32 mm during the 1983-2022 time period. The
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major variability of rainfall observed at Okhimath (80.44)
station was followed by, Sonprayag (70.99) Rudraprayag
(70.29), and Duggal Bitta (68.55) (Table 2). The overall
trend in the Mandakini River watershed during the winter
season indicates a decline in rainfall, which significantly
affects snow deposits in the watershed (Myers et al. 2023;
Banerjee et al. 2024). Changes in the frequency and
severity of Western disturbances, which are the primary
causes of precipitation in the Himalayan region, may be
associated with the decrease in winter rainfall over the past
few years. The MK and Sen’s slope values exhibit a p-value
higher than a significant level, showing a negative trend.
The ITA graph also illustrates the decreasing trend in
the first half (1983-2003) low and medium phases, where
few rainfall datasets show an upward trend in the second
half (2003-2022) due to few outliers in the rainfall dataset
(Fig. 5d).

The results of the MK test and Sen’s slope analysis
reveal a p-value exceeding the threshold for significance,
indicating a negative trend in winter rainfall. Specifically,
a negative trend of winter rainfall was observed in
Joshimath, located at higher elevations in the north-central
part of Uttarakhand (Singh & Mal, 2014). Furthermore, the
MK test also confirmed this negative trend in winter rainfall
for Rudraprayag district (Malik et al., 2019).

3.1.5. Trend, variability, and magnitude estimation
of annual rainfall

The maximum annual rainfall was observed at
Okhimath station (2383.32 mm) in the year 1989 followed
by Duggal Bitta station (2311.43 mm) in the year 2013. The
Sonprayag and Okhimath receive a major portion of
rainfall from 1983-2022 in the annual data series. The mean
annual rainfall of the Mandakini River watershed is ~1315
mm during 40 years over 4 stations. The SD values range
from 496.88 (Okhimath) to 362.68 (Sonprayag) suggesting
rainfall data points more spread out around the mean for 40
years. The Sonprayag and Okhimath have negative kurtosis
values indicating aflatter  distribution  where,
whereas Rudraprayag and Duggal Bitta have positive
values depicting a slightly peaked distribution. The higher
CV% values calculated for Rudraprayag and Okhimath
station as compared to the rest of the hydro-meteorological
stations with mean CV% of Mandakini watershed is
30.43% for the period of 1983-2022. The higher CV%
experiences fluctuations in rainfall as compared to lower
CV% values (Table 2).

The ITA graph depicts an overall increasing trend in
the Mandakini River watershed with most of the rainfall
points falling in an upward triangle (second half). The MK
and Sen’s slope test computed for annual precipitation are
reported in Table 3. Which detected a positive upward trend
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in rainfall among all stations at a 5% significance level.
Rana et al. (2022) identified the maximum positive change
in annual rainfall for Rudraprayag district among 13
districts from 2000 to 2017, while Dehradun district
showed the highest percentage increase in annual rainy
days, followed closely by Rudraprayag.

3.2. Spatial mapping of seasonal and annual rainfall
data

The patterns distinguished by the MK test, Sen’s
slope test, and CV% for seasonal and yearly precipitation
at the level are spatially mapped in Fig. 6. The pre-
monsoon, three stations (Sonprayag, Okhimath, Duggal
Bitta) show a strongly downward trend, and Rudraprayag
station was showing weak upward trend at 5% level of
significance (Fig. 6a). The greater variation in the dataset
was observed in the south region (Rudraprayag) of
the watershed. The monsoon season, a positive Sen’s slope
with anupward trend was detected in the middle and
southern part of the Mandakini basin, showing Okhimath
block receives higher precipitation in monsoon months as
compared to the rest of the stations (Fig. 6b). The greater
CV% in post monsoon phase was observed in the southern
part of the watershed, with an increasing trend observed in
Sonprayag, Okhimath, and Rudraprayag stations, where
Duggal Bitta station showed a weak negative trend
(Fig.6c). The winter months, the whole Mandakini basin
shows adecreasing trend and the southern part of
the Mandakini basin shows higher variation in rainfall
(Fig.6d).

The spatially mapped annual CV% rainfall values
illustrated the major variations in rainfall observed at
the middle and southernmost part of the Mandakini River
basin and the overall positive trend showcased (Fig. 6e).
Annual rainfall variability is lesser in the high-altitude
northernmost areas, but this region receives significantly
more rainfall than the southern region due to its elevation
and proximity to the Chorabari glacier, which contributes
to increased precipitation through orographic lift (Khare et
al. 2017). Whereas, maximum rainfall variability
was observed in the southern part being lower in elevation,
and experiencing less rainfall, than northern and middle
regions of the watershed (Singh & Mal. 2014).

3.3. Challenge and prospects

This limitation of this study is particularly critical in
high-elevation regions, where reliable station-observed
datasets are often lacking and prone to inconsistencies in
data availability, making the scarcity of observed rainfall
records in high mountainous areas like the IHR a
considerable challenge for the research community.
Discrepancies in measurements and limited access to
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comprehensive datasets may hinder the reliability of the
findings. Additionally, the complex topography of the
region poses difficulties in spatial interpolation, as
elevation and geographic variations can significantly
influence rainfall patterns. Another challenge lies in the
inherent variability of climate systems, which can obscure
long-term trends and make it difficult to establish clear
causal  relationships  between  rainfall  changes
and environmental impacts. This complexity necessitates
the wuse of advanced analytical techniques and
interdisciplinary approaches to fully understand the
underlying dynamics.

Despite these challenges, the study presents
significant prospects for enhancing water resource
management and climate adaptation strategies in the
region. By identifying rainfall trends and variability,
this research can inform local stakeholders and
policymakers about potential risks and vulnerabilities
associated with  changing precipitation patterns.
Furthermore, the findings can contribute to developing
sustainable agricultural practices, improving
flood management, and enhancing ecosystem resilience.
The insights gained from this analysis can also serve
as a foundation for future studies, enabling more
targeted research on the impacts of climate change in the
Mandakini River watershed and beyond, ultimately
fostering informed decision-making for sustainable
development.

4. Conclusions

The study was conducted to examine the trend and
variability of seasonal and annual (pre-monsoon, monsoon,
post-monsoon, and winter) and annual rainfall datasets at
four stations over 40 years at the watershed scale of the
Mandakini River. The MK and Sen’s slope test
was performed at a 5% level of significance, which offers
this research a more robust statistical framework
for evaluating rainfall trends. The non-parametric tests
showed a positive/negative trend for seasonally and
annually and visualized using the IDW interpolation
method. The great variability of rainfall datasets
was observed in Rudraprayag station seasonally and
annually. The post-monsoon season shows minimal rainfall
contribution, showing a decreasing trend in precipitation,
whereas Okhimath station received major rainfall in
monsoon months.

The rainfall trend analysis has found this region
experiencing increased seasonality in precipitation, with
significant drying trends evident in both the pre-monsoon
and winter seasons. The northern region receives higher
rainfall due to its elevation and the orographic lift effect,
while the southern region, at a lower elevation, experiences
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significantly less precipitation and exhibits maximum
rainfall variability. The ITA method outperformed the MK
test in revealing rainfall trends, demonstrating its superior
ability to capture intricate spatio-temporal dynamics in the
Mandakini River Watershed. This emphasizes the need for
utilizing diverse analytical techniques to achieve a more
accurate understanding of rainfall variability. The ITA
graph's increasing rainfall pattern in the second half of the
study period (2003-2022) underscores the importance of
spatio-temporal analyses in revealing regional differences
in rainfall trends. Such variability can disrupt agricultural
systems in the Rudraprayag district, making it essential to
understand these patterns for informed decision-making.
The continued elevated rainfall levels during both the
monsoon and annual seasons may significantly increase the
risks of flooding, soil erosion, and landslides within the
Mandakini  basin, adversely impacting agricultural
productivity and local communities. Analyzing periodic
patterns and variability in rainfall has the potential to
diminish the frequency of such incidents. This study
analyzes the rainfall patterns at the regional level in
Rudraprayag district, an area not analyzed before,
considering the primary focus of earlier studies at the
district scale, and provides crucial insight into the trends in
localized regions for rainfall that occurred during the past
years. The shifting distribution of rainfall patterns presents
a concerning situation for agriculture, water resources, and
ecosystem health. The findings from this study thus provide
a valuable contribution to the understanding of regional
climate dynamics and support more effective strategies for
managing water resources in the face of changing
precipitation patterns. Analyzing trends in weather
parameters is crucial for strategic planning related to
agriculture, water storage, flood prevention, soil erosion,
and other environmental factors.
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