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Abstract: The Andaman and Nicobar Islands experience a climate characterized by con-
sistently high humidity, substantial annual precipitation, and moderate temperature fluc-
tuations. The region’s susceptibility to extreme weather events—such as cyclones, heavy
precipitation, and rising sea levels - highlights the need for a thorough understanding
of its climatic patterns. In light of this, this study provides a comprehensive analysis
of spatiotemporal variability and trends in mean and extreme precipitation across the
Andaman and Nicobar Islands using long-term (i.e., 1981–2023) high-resolution Climate
Hazards Group InfraRed Precipitation with Station data (CHIRPS). Our findings indicate a
significant increase in monsoonal precipitation, particularly in South Andaman, where the
mean precipitation trend is 11.10 mm/year, compared to 6.54 mm/year in Nicobar. Light-
to-moderate precipitation events occur more frequently than heavy precipitation across
all districts, although heavy precipitation is more frequent in Andaman than in Nicobar.
Significant decadal increases in light-to-moderate precipitation events are found across
most of Nicobar, while parts of Andaman showed a rise in the frequency of moderate-to-
heavy precipitation events. Trend analysis of the highest single-day precipitation annually
reveals mixed patterns, with increases noted in North and Middle Andaman (3.66 mm per
decade) and South Andaman (1.13 mm per decade), while Nicobar shows a slight decrease
(−0.63 mm per decade). Maximum consecutive five-day precipitation trends indicate
significant annual increases in North and Middle Andaman (14.98 mm per decade) and
South Andaman (3.49 mm per decade), highlighting the variability in extreme precipitation
events. The observed trends in precipitation and its extremes highlight the heterogeneity of
precipitation patterns, which are critical for water resource management, agriculture, and
disaster risk mitigation in the region, particularly in the context of increasing precipitation
variability and intensity driven by climate change. Further investigation is needed to
understand the physical mechanisms driving the increase in frequency and intensity of
precipitation, which will be addressed in a separate paper.
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1. Introduction
The Andaman and Nicobar Islands, an archipelago of over 500 islands located in the

Bay of Bengal, play a critical role in India’s meteorological and hydrological systems [1].
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These islands, endowed with a unique geographical location and diverse ecosystems, are
profoundly influenced by the interplay of tropical weather patterns, monsoon dynamics,
and ocean–atmosphere interactions [2]. The climate of the Andaman and Nicobar Islands is
characterized by high humidity, significant precipitation, and moderate temperature varia-
tions throughout the year, largely governed by the southwest and northeast monsoons. The
region’s vulnerability to extreme weather events such as cyclones, torrential precipitation,
and rising sea levels underscores the importance of understanding its climatic behaviour [3].
These phenomena not only pose risks to local communities but also have cascading effects
on marine biodiversity, freshwater resources, and terrestrial ecosystems [1]. Historically, the
Andaman and Nicobar Islands have been a hotspot for cyclonic activities originating in the
Bay of Bengal, making it critical to monitor and study their climatology and hydrological
extremes [4].

Climate change is a significant stressor impacting the marine ecosystems and biodiver-
sity of the Andaman and Nicobar Islands [5]. Marks et al. [6] reported that 59% of people
surveyed were very or extremely worried about climate change, with 84% being at least
moderately concerned.

Despite their ecological significance and strategic importance, detailed studies on the
climatology and hydrological extremes specific to this region remain limited. Understand-
ing the temporal and spatial patterns of precipitation and other meteorological variables
is crucial for hydrologists, agriculturalists, meteorologists, and industrial stakeholders
to ensure the sustainable management of water resources [7]. Recent studies have exam-
ined the spatiotemporal trends and magnitudes of meteorological variables (precipitation,
evapotranspiration, temperature, humidity, etc.) using parametric methods such as simple
linear regression and non-parametric tests, including the Mann–Kendall test, modified
Mann–Kendall test, Theil–Sen slope, Spearman’s rho, and Kendall’s rank correlation [8–14].
Most previous studies investigating trends in precipitation and precipitation extremes have
relied on the Mann–Kendall test, which has demonstrated its utility in identifying signifi-
cant trends in hydrological data across various probability levels [12,15]. However, this test
operates under the assumption of spatial and temporal independence in hydrological time
series data [16–18].

Previous research has extensively examined precipitation patterns and variability
across annual, seasonal, and monthly periods. However, investigations into precipita-
tion extremes have predominantly focused on annual scales and the monsoon season,
with limited attention given to the winter, pre-monsoon, and post-monsoon periods [19].
Bisht et al. [12] emphasized the importance of regional-level trend analyses of precipitation
characteristics to facilitate more informed decision-making. Vittal et al. [20] identified
significant shifts in the patterns of precipitation extremes when comparing the post-1950
period to the pre-1950 era. Kundu and Modal [21] conducted a long-term analysis of annual
and seasonal precipitation trends, identifying change points in annual precipitation over
a 102-year period in West Bengal, India, using the Mann–Kendall test and Sen’s slope
estimator. Malik et al. [22] examined spatial and temporal precipitation trends across sea-
sonal (pre-monsoon, monsoon, post-monsoon, and winter) and annual time series datasets
from 13 stations in the central Himalayan region of Uttarakhand, India. Further, Malik and
Kumar [23] extended this analysis to monthly, seasonal, and annual scales across 13 districts
in the central Himalayan region of Uttarakhand State, offering deeper insights into spatial
and temporal variability.

Sridhar and Pai [24] analysed a 70-year (1951–2020) daily gridded precipitation dataset
for the Andaman and Nicobar and Lakshadweep Islands, identifying trends and frequency
changes in moderate and heavy precipitation events during 1971–2020. Kumar et al. [25]
studied the precipitation patterns of the Andaman and Nicobar Islands and observed
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an increasing trend in the frequency of rather heavy rain (35.6–64.4 mm), alongside a
significant decreasing trend in light rain (2.5–7.5 mm) and very heavy rain (>124.5 mm).
Velmurugan et al. [26] also concluded that climate change would lead to an increase in
sea level and temperature, further emphasizing the region’s vulnerability to its long-term
impacts. Roy and Chakravarty [27] analysed 35 years of precipitation data (1980–2015)
from six stations in the Andaman and Nicobar Islands using the Mann–Kendall test, Sen’s
slope, and regression analysis. Their findings indicated that four stations—Mayabandar,
Long Island, Port Blair, and Car Nicobar—exhibited an increasing trend in annual and
monsoon precipitation, while Hut Bay and Nancowry showed a decreasing trend.

While normal trend analyses have been conducted in the past for the Andaman and
Nicobar Islands, the majority of these studies relied on point-based ground-observation-
based data sources. However, the availability of ground-based meteorological stations in
this region is sparse due to challenging terrain and logistical constraints. As a result, cap-
turing the spatial variability of precipitation patterns remains a significant challenge. This
limitation highlights the need for utilizing high-resolution gridded datasets and remote
sensing techniques to analyse extreme precipitation events comprehensively. This study
aims to bridge this gap by leveraging such datasets to provide a more detailed understand-
ing of precipitation variability and trends in the region and by offering a comprehensive
analysis of climatic patterns and extreme hydrological events in the Andaman and Nicobar
Islands, while developing an accessible database for public use. The findings of this study
are expected to contribute significantly to the fields of climate science and disaster man-
agement, as very few attempts have been made to study the climatology and hydrological
extremes of the Andaman and Nicobar Islands. This study is motivated by the pressing
need to address the following objectives: (i) to analyse the long-term climatological trends
and hydrological extremes in the Andaman and Nicobar Islands, focusing on precipitation
variability, temperature patterns, and cyclone frequency; (ii) to develop predictive models
to assess the potential impacts of climate change on the region’s weather patterns and
hydrological balance; and (iii) to create a publicly accessible database containing high-
resolution climatological and hydrological data for the Andaman and Nicobar Islands to
support research, disaster management, and sustainable development initiatives.

2. Materials and Methods
2.1. Study Area

The Land Use and Land Cover (LULC) map serves as a foundational element for
understanding the spatial heterogeneity and ecological dynamics of the region [28]. Figure 1
illustrates the location map of the study area with elevation (in meters) based on the
Shuttle Radar Topography Mission (SRTM) Digital Elevation Model (DEM) at 1 arc-second
resolution and LULC classification of the Andaman and Nicobar Islands, derived from
MODIS satellite data, highlighting various land cover types across the region with their
respective covered area. The LULC map for this study was created using the 2022 MODIS
MCD12Q1 Version 6.1 dataset, which provides global land cover classification through
supervised classification of MODIS Terra and Aqua reflectance data, and was further refined
using ancillary information and prior knowledge. Evergreen broadleaf forest (72.46%) was
found to be the highest in the study region, followed by water bodies (13.37%).
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Figure 1. Location map of the study area (a) with original geography: (b) elevation (meters) from
SRTM DEM (1 arc-second) and (c) Land Use/Land Cover (LULC) classification.

2.2. Analysis and Data Used

This study utilized the Climate Hazards Group InfraRed Precipitation with Station
data (CHIRPS), a reliable and high-resolution precipitation dataset designed for compre-
hensive climatological and hydrological studies [29]. CHIRPS is a 35+-year quasi-global
precipitation dataset that spans latitudes from 50◦ S to 50◦ N and includes all longitudes,
covering the period from 1981 to the near-present. This dataset integrates Climate Haz-
ards Precipitation Climatology (CHPclim) as its baseline climatology, complemented by
0.05◦-resolution satellite-derived imagery and in situ station observations. For this study,
CHIRPS data were employed to analyse long-term precipitation patterns and their variabil-
ity. The reliability of CHIRPS data for precipitation analysis has been validated in various
studies, demonstrating their accuracy in representing precipitation patterns [30–35]. Apart
from this, correlation analyses were conducted between CHIRPS-derived precipitation
estimates and ground-based observations at six meteorological stations. The correlation
coefficients for daily, monthly, and annual precipitation are presented in Table 1. These
results indicate that daily precipitation values exhibited a relatively low correlation with
ground observations, ranging from 0.244 to 0.379. This lower agreement at the daily scale
may be attributed to the inherent limitations of gridded datasets in capturing localized
convective precipitation events, errors in satellite-based retrievals, and the influence of
complex topography on precipitation distribution. However, the correlation improved
significantly at the monthly scale (0.537–0.772), suggesting that CHIRPS data can effectively
capture aggregated precipitation trends over longer timeframes. The highest agreement
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was observed at the annual scale (0.662–0.938), indicating that CHIRPS data provide a
reliable representation of long-term precipitation variability in the region. These find-
ings validate the use of CHIRPS data for analysing extreme precipitation events while
acknowledging their limitations at finer temporal resolutions.

Table 1. Correlation analysis between CHIRPS-derived precipitation estimates and ground-based
observations.

Station ID Station Name
Station Coordinates Daily Precipitation

Correlation

Monthly
Precipitation
Correlation

Annual
Precipitation
CorrelationLat (◦N) Lon (◦E)

43309 Mayabunder 12.92 92.92 0.308 0.682 0.867
43310 Long Island 12.42 92.93 0.298 0.701 0.805
43333 Port Blair 11.67 92.72 0.379 0.772 0.662
43364 HutBay 10.74 92.55 0.260 0.597 0.886
43367 Car Nicobar 9.17 92.83 0.327 0.736 0.754
43382 Nancowry 7.98 93.53 0.244 0.537 0.938

2.3. Precipitation Variability

To analyse precipitation variability across the Andaman and Nicobar Islands, the
Coefficient of Variation (CV) was calculated for seasonal precipitation during the winter,
pre-monsoon, monsoon, and post-monsoon periods over the study period (1981–2023).
The CV is a statistical measure that quantifies the relative dispersion of precipitation,
expressed as a percentage of the mean. Using CHIRPS gridded precipitation data at a
spatial resolution of 0.05◦, seasonal precipitation totals were extracted for each pixel across
the study area. The CV for each pixel was computed as the ratio of the standard deviation to
the mean seasonal precipitation, multiplied by 100, allowing for the spatial representation
of precipitation variability. This pixel-level analysis provides insights into the consistency
of seasonal precipitation patterns, with higher CV values indicating regions with greater
variability and less predictable precipitation distribution.

2.4. Precipitation Categorization

To analyse seasonal rain, daily precipitation data for each district and agroclimatic
zone and the entire region were aggregated to calculate the total seasonal precipitation.
Following the IMD classification system [36], rain in any season was categorized into five
distinct classes based on deviations from normal precipitation: (i) large excess (+60% and
above), (ii) excess (+20% to +59%), (iii) normal (−19% to +19%), (iv) deficient (−59% to
−20%), and (v) large deficient (−60% and below). This classification scheme was applied
to capture the spatiotemporal variability of seasonal precipitation across Andaman and
Nicobar Island during the study period, enabling the identification of trends and anomalies
in precipitation distribution.

2.5. Trend Analysis

To assess long-term trends in precipitation variability, the Trend-Free Pre-Whitening
(TFPW) Mann–Kendall test [37,38] and Sen’s slope estimator were employed. The TFPW
Mann–Kendall test is a robust non-parametric statistical approach that evaluates the signifi-
cance of monotonic trends in time series data while eliminating the influence of serial cor-
relation, which can otherwise lead to spurious results. This method involves pre-whitening
the data to remove the effects of autocorrelation, followed by the application of the Mann–
Kendall test to detect trends. The Mann–Kendall test is a widely used non-parametric
method for detecting monotonic trends in time series data. Its key advantage is that it does
not require the data to be normally distributed and is less sensitive to outliers. However, a
limitation of the Mann–Kendall test is that it assumes independence of data points, which
may not always hold true for meteorological datasets that exhibit autocorrelation.
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Complementing this, Sen’s slope estimator provides a quantification of the trend
magnitude, offering an unbiased measure of the rate of change per unit time [39]. Sen’s
slope estimator is employed to quantify the magnitude of the trend detected by the Mann–
Kendall test. It is a robust and non-parametric approach that is less influenced by outliers
compared to parametric regression methods. However, it assumes a linear trend over
time, which may not always capture complex climatic variations. Together, these methods
enable a comprehensive analysis of precipitation patterns, allowing for the identification of
statistically significant trends and their magnitude, which are crucial for understanding
climate variability and its implications on regional hydrological cycles.

2.6. Extreme Precipitation Events and Indices

The Expert Team on Climate Change Detection and Indices (ETCCDI), under the
Commission for Climatology (CCl) of the World Meteorological Organization (WMO),
developed a standardized set of climate extreme indices to analyse trends and variability
in temperature and precipitation based on daily observational data [40,41]. For this study,
11 precipitation-related indices were selected to evaluate the frequency, intensity, and
duration of extreme precipitation events in the Andaman and Nicobar Islands. Details
of these indices are given in Table 2. The chosen indices provide critical insights into
changing precipitation patterns, enabling a robust assessment of extreme events and their
implications on the regional climate.

Table 2. Climate extreme indices used in this study.

Serial Number Index Definition

Intensity-Based Indices

1 Annual count of days when precipitation is 2.5 mm to
15.5 mm for light precipitation

Let RRij be the daily precipitation amount on day i in
period j. Count the number of days where

2.5 mm ≤ RRij ≥ 15.5 mm

2 Annual count of days when precipitation is 15.6 mm to
64.4 mm for moderate precipitation

Let RRij be the daily precipitation amount on day i in
period j. Count the number of days where

15.6 mm ≤ RRij ≥ 64.4 mm

3 Annual count of days when precipitation is 64.5 mm to
115.5 mm for heavy precipitation

Let RRij be the daily precipitation amount on day i in
period j. Count the number of days where

64.5 mm ≤ RRij ≥ 115.5 mm

4 Annual count of days when precipitation is greater than
115.6 mm for very Heavy precipitation

Let RRij be the daily precipitation amount on day i in
period j. Count the number of days where

RRij ≥ 115.6 mm

Persistence and Duration Indices

5
Cumulative Dry Days (CDDs) showing maximum length of
dry spell, maximum number of consecutive days with daily

precipitation less than 2.5 mm

Let RRij be the daily precipitation amount on day i in
period j. Count the largest number of consecutive days

where
RRij < 2.5 mm

6
Cumulative Wet Days (CWDs) showing maximum length of
wet spell, maximum number of consecutive days with daily

precipitation greater than or equal to 2.5 mm

Let RRij be the daily precipitation amount on day i in
period j. Count the largest number of consecutive days

where
RRij ≥ 2.5 mm

Magnitude and Distribution Indices

7 Annual wettest 1-day precipitation (Rx1day)
Let RRij be the daily precipitation amount on day i in

period j. The maximum 1-day value for period j is
Rx1dayj = max(RRij)

8 Wettest consecutive 5-day precipitation (Rx5day)

Let RRkj be the precipitation amount for the 5-day
interval ending k, period j. Then, maximum 5-day values

for period j are
Rx5dayj = max(RRkj)

9 Simple precipitation intensity index (SDII)

Let RRwj be the daily precipitation amount on wet days,
w (RR ≥ 2.5 mm), in period j. If W represents the number

of wet days in j, then

SDIIj =
∑W

w=1 Rwj
W



Atmosphere 2025, 16, 301 7 of 28

Table 2. Cont.

Serial Number Index Definition

Percentile Threshold Indices

10
Annual total precipitation when daily precipitation is greater
than the 95th percentile (R95pTOT) or contribution to total

annual precipitation from very wet days

Let RRwj be the daily precipitation amount on a wet day,
‘w’, (RR ≥ 2.5 mm) in period i, and let RRwn95 be the

95th percentile of precipitation on wet days in the
1981–2023 period. If W represents the number of wet

days in the period, then

R95pj =
W
∑

w=1
RRwj where RRwj > RRwn95

and,
R95pTOT =

100×R95p
PRCPTOT

11
Annual total precipitation when daily precipitation is greater
than the 99th percentile (R99pTOT) or contribution to total

precipitation from extremely wet days

Let RRwj be the daily precipitation amount on a wet day,
‘w’, (RR ≥ 2.5 mm) in period i, and let RRwn99 be the

99th percentile of precipitation on wet days in the
1981–2023 period. If W represents the number of wet

days in the period, then

R99pj =
W
∑

w=1
RRwj where RRwj > RRwn99

and,
R99pTOT =

100×R99p
PRCPTOT

3. Results and Discussions
3.1. Precipitation Dynamics

During the winter season, precipitation trends indicated a gradual increase across
the Andaman and Nicobar Islands. The linear slope values suggest an increasing trend of
1.06 mm/year for the entire region, with North and Middle Andaman showing a slope
of 0.72 mm/year, South Andaman 0.67 mm/year, and Nicobar 2.01 mm/year. Notably,
Nicobar exhibited the highest increasing trend, likely due to its proximity to the equator,
where enhanced convective activities and occasional northeast monsoon surges contribute
to higher precipitation. A similar finding regarding the consistently higher intensity of
daily precipitation in the Nicobar district was also reported by Kumar et al. [25]. In the
pre-monsoon season, the precipitation trend continued to rise, with Andaman and Nicobar
Islands experiencing an increase of 2.14 mm/year. North and Middle Andaman displayed
the highest increasing trend at 2.55 mm/year, followed by South Andaman at 0.34 mm/year,
whereas Nicobar showed a minimal increase of 0.04 mm/year. The stronger upward trend
in North and Middle Andaman indicates early convective system development, potentially
influenced by localized atmospheric dynamics and warming trends. The monsoon season
exhibited the most significant precipitation accumulation, accompanied by the highest
increasing trends. The Andaman and Nicobar Islands as a whole showed a strong increas-
ing trend of 9.41 mm/year, with South Andaman experiencing the sharpest increase at
11.53 mm/year, followed by North and Middle Andaman at 9.46 mm/year. Nicobar, while
still showing an increasing trend, recorded a comparatively lower slope of 7.28 mm/year.
This pattern aligns with the monsoon’s orographic effects, where moisture-laden winds
interact with the Andaman terrain, leading to enhanced precipitation in the central and
northern districts. During the post-monsoon season, the increasing trend was relatively
moderate compared to the monsoon season. The Andaman and Nicobar Islands exhibited
an overall increase of 1.84 mm/year, with South Andaman displaying the highest trend at
1.94 mm/year, followed by Nicobar at 2.84 mm/year, and North and Middle Andaman
at 1.42 mm/year. The overall seasonal changes in precipitation observed in this study are
consistent with the findings of Velmurugan et al. [42], which also highlighted significant
spatial and temporal variability across the region. The seasonal distribution of precipitation
across the Andaman and Nicobar Islands exhibited notable spatial and temporal variability
over the period 1981–2023, as shown in Figure 2.
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Figure 2. Mean seasonal long-term distribution of precipitation (in mm; left panel) and corresponding
time series of absolute seasonal precipitation (right panel) during (a) winter, (b) pre-monsoon,
(c) monsoon, and (d) post-monsoon for the period 1981–2023 in the Andaman and Nicobar Islands,
Union Territory of India. The left panel illustrates the spatial distribution of precipitation across
each season, while the right panel shows the temporal variation and trends in seasonal precipitation
amounts over the 42-year period.

3.2. Precipitation Variability

During the winter season, South Andaman exhibited the highest mean CV of 81.49%,
indicating considerable variability in precipitation, with values ranging from 56.21% to
113.85%, suggesting a more erratic precipitation distribution. In contrast, North and
Middle Andaman showed a mean CV of 62.74%, with variability ranging from 36.44%
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to 89.42%. Nicobar presented a mean CV of 65.71%, suggesting moderate variability
within its precipitation distribution, with values ranging from 60.47% to 83.09%. The
substantial variability in winter precipitation may result from the influence of localized
weather systems and the intermittent nature of precipitation during this time, leading
to greater inconsistencies in precipitation amounts. The pre-monsoon season showed
moderate variability as variability decreased across all districts, with South Andaman and
North and Middle Andaman exhibiting mean CVs of 38.11% and 39.10%, respectively,
while Nicobar showed the lowest variability at 31.06%, with values ranging from 27.65%
to 41.43%. This reflects a transition phase where precipitation patterns begin to stabilize
as the region approaches the monsoon. This transitional variability can be influenced by
changing atmospheric conditions, including the buildup of moisture in anticipation of
the monsoon onset. Adamala and Velmurugan [1] observed similar transitional trends in
precipitation across the Andaman and Nicobar Islands, emphasizing that the pre-monsoon
variability is a critical indicator of seasonal preparedness for agricultural activities. During
the monsoon season, the variability remained notably low. South Andaman and North
and Middle Andaman had mean CVs of 23.73% and 23.41%, respectively, while Nicobar
showed a slightly higher variability at 25.85%, ranging from 20.75% to 28.70%, indicating
a more stable and consistent precipitation pattern. This stability can be attributed to the
prevailing monsoonal winds, which lead to regular and abundant precipitation, thereby
reducing variability within this season. This finding corroborates Sharma et al. [43], who
documented a similar reduction in monsoon precipitation variability across the Upper
Tapi Basin, attributing it to robust monsoonal dynamics. Finally, in the post-monsoon
season, North and Middle Andaman had the highest mean CV (44.01%), followed by South
Andaman (40.55%) and Nicobar (30.80%), indicating that variability increases again after
the monsoon. This increase can be attributed to the diminishing influence of the monsoon,
where precipitation becomes less predictable and more dependent on localized weather
phenomena. Overall, the analysis reveals that the monsoon season was characterized by
stable precipitation patterns, while the winter and post-monsoon seasons demonstrated
higher variability, reflecting the complex interplay of geographical factors and seasonal
weather dynamics in the Andaman and Nicobar Islands. This finding aligns with previous
studies highlighting that localized weather systems, such as cyclonic disturbances in the Bay
of Bengal, significantly impact winter precipitation variability in the region [3]. Additionally,
the pronounced variability in South Andaman can be linked to its proximity to active
maritime weather systems, as suggested by Sridhar and Pai [24]. The spatial variation in
the Coefficient of Variation (CV) for seasonal precipitation, as shown in Figure 3, illustrates
the heterogeneity in precipitation patterns across the Andaman and Nicobar Islands.
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Figure 3. Pixel-level representation of the Coefficient of Variation (%) for seasonal precipitation
during (a) winter, (b) pre-monsoon, (c) monsoon, and (d) post-monsoon for the period 1981–2023
in the Andaman and Nicobar Islands, Union Territory of India. This figure highlights the spatial
variability in precipitation across seasons, with higher coefficients indicating greater variability and
inconsistency in seasonal precipitation patterns.

3.3. Precipitation Categorization

The year-wise categorization of seasonal precipitation in this research is based on the
India Meteorological Department (IMD) classification, which divides precipitation into
five categories: large deficient, deficient, normal, excess, and large excess. This study
analyses these precipitation categories across three districts—Nicobar, North and Middle
Andaman, and South Andaman—during the period 1981–2023. Figure 4 provides a detailed
breakdown of the frequency of different precipitation categories across the three districts
during the study period.



Atmosphere 2025, 16, 301 11 of 28
Atmosphere 2025, 16, x FOR PEER REVIEW  12  of  30 
 

 

 

Figure 4. Year-wise categorization of seasonal precipitation based on IMD classification during (a) 

winter, (b) pre-monsoon, (c) monsoon, and (d) post-monsoon for different districts during the pe-

riod of 1981–2023 in the Andaman and Nicobar Islands, Union Territory of India. 

The statistics reveal notable variations in the frequency of each category across the 

winter, pre-monsoon, monsoon, and post-monsoon seasons, highlighting the unique cli-

matic behaviour  in  these districts.  In  the winter season, Nicobar experienced predomi-

nantly deficient precipitation  (15 years), along with occasional occurrences of excess  (7 

years) and large excess (7 years). Large deficient events occurred six times, indicating fre-

quent dry spells. North and Middle Andaman recorded the highest frequency of deficient 

precipitation (23 years), with moderate occurrences of excess (8 years) and large excess (7 

Figure 4. Year-wise categorization of seasonal precipitation based on IMD classification during
(a) winter, (b) pre-monsoon, (c) monsoon, and (d) post-monsoon for different districts during the
period of 1981–2023 in the Andaman and Nicobar Islands, Union Territory of India.

The statistics reveal notable variations in the frequency of each category across the win-
ter, pre-monsoon, monsoon, and post-monsoon seasons, highlighting the unique climatic
behaviour in these districts. In the winter season, Nicobar experienced predominantly
deficient precipitation (15 years), along with occasional occurrences of excess (7 years)
and large excess (7 years). Large deficient events occurred six times, indicating frequent
dry spells. North and Middle Andaman recorded the highest frequency of deficient pre-
cipitation (23 years), with moderate occurrences of excess (8 years) and large excess (7
years). No large deficient events were observed, implying minimal extreme dryness. South
Andaman experienced large deficient precipitation most frequently (15 years), followed
by deficient precipitation (9 years). Normal precipitation was recorded only four times.
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Excess precipitation was rare (3 years), and large excess precipitation occurred 12 times,
indicating a strong tendency toward extremely wet conditions during winter despite fre-
quent dry spells. The predominance of deficient precipitation in Nicobar reflects the strong
variability driven by localized factors, as noted by Kumar et al. [25]. The pre-monsoon
season in Nicobar was dominated by normal precipitation (20 years), with deficient and
excess precipitation recorded equally (11 years each). Large excess precipitation was rare,
occurring only once, indicating limited extremes. North and Middle Andaman exhibited
similar trends, with 19 years of normal precipitation. Deficient and excess precipitation
were recorded 10 times each, while large deficient and large excess events were rare, with
1 and 3 occurrences, respectively. South Andaman saw 20 years of normal precipitation,
accompanied by 12 years of deficient precipitation. Excess precipitation occurred eight
times, with only one large deficient and two large excess events observed, indicating limited
extreme variability. These trends reflect the transitional atmospheric conditions typical of
the pre-monsoon season, as described by Adamala and Velmurugan [1]. These findings
suggest that normal precipitation predominates due to the gradual buildup of moisture
from increasing sea surface temperatures, which stabilizes precipitation patterns during
this season.

During the monsoon season, Nicobar received normal precipitation for 26 years, with
occasional occurrences of deficient (8 years) and excess (9 years) precipitation. No large
deficient or large excess events were recorded, indicating stable monsoonal precipitation.
Similarly, North and Middle Andaman experienced 24 years of normal precipitation, along
with 9 years of deficient precipitation and 10 years of excess precipitation. No large deficient
or large excess events were reported, reflecting consistent precipitation patterns during
the monsoon. In South Andaman, monsoon precipitation was also stable, with 21 years of
normal precipitation and 11 years each of deficient and excess precipitation, and no large
deficient or large excess events were observed. This stability aligns with Sharma et al. [43],
who emphasized that the consistency of monsoonal precipitation in India, specifically in
the Tapi Basin region, is driven by strong monsoon currents and the absence of disruptive
weather systems during this period.

In the post-monsoon season, Nicobar recorded normal precipitation for 21 years, with
13 years categorized as deficient. Excess precipitation was observed seven times, while
large excess precipitation occurred twice, and no large deficient events were reported.
In North and Middle Andaman, 17 years of normal precipitation were accompanied by
13 years of deficient precipitation and 11 years of excess precipitation. Large deficient
and large excess events were infrequent, with only one occurrence each. South Andaman
displayed higher variability, with 14 years of excess precipitation compared to 12 years of
normal precipitation. Deficient precipitation occurred 15 times, and two large excess events
were recorded, while no large deficient events were observed, reflecting some fluctuations
during the post-monsoon season. The heightened variability in the post-monsoon season,
particularly in South Andaman, mirrors findings from Sridhar and Pai [24], who attributed
such fluctuations to sporadic cyclonic activities in the Bay of Bengal. This variability
underscores the challenges in managing water resources during this season, as reservoirs
often face inconsistent recharge levels.

3.4. Seasonal Precipitation Trends

During the winter season from 1981 to 2023, precipitation trends across the Andaman
and Nicobar Islands exhibited notable spatial variability, as depicted in Figure 5a.
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Figure 5. Spatial distribution of Sen’s slope (in mm per year; left panel) indicating the trend magnitude
and the p-value of the Mann–Kendall test (right panel) showing the statistical significance of the trends
during (a) winter, (b) pre-monsoon, (c) monsoon, and (d) post-monsoon at the pixel level for the
period 1981–2023 in the Andaman and Nicobar Islands, Union Territory of India. The Nicobar district
displayed the highest mean precipitation trend of 2.91 mm/year, with pixel-level values ranging from
1.39 mm/year to 4.10 mm/year, indicating a consistent increase. The North and Middle Andaman
district showed a moderate mean trend of 0.51 mm/year, with values spanning from 0.06 mm/year
to 1.39 mm/year. In the South Andaman district, the mean trend was 0.44 mm/year, with a range
of 0.03 mm/year to 1.76 mm/year, reflecting relatively minor changes. Trend significance analysis
using the Mann–Kendall test revealed that 2.63% of grids across the islands had significant trends at
the 99% confidence interval, while 26.97% were significant at the 95% confidence level. Within the
Andaman group, 0.72% and 7.88% of grids exhibited significance at 99% and 95% confidence levels,
respectively, while the Nicobar group showed higher significance, with 1.91% and 18.85% of grids
meeting the same thresholds.
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During the pre-monsoon season, precipitation trends demonstrated considerable
spatial variation, as shown in Figure 5b. The South Andaman district had the highest
mean precipitation trend of 4.03 mm/year, with values ranging from 1.32 mm/year to
7.34 mm/year. This significant upward trend in South Andaman is in line with observations
made by Adamala and Velmurugan [1], who reported increased pre-monsoon precipitation
in this tropical island region due to shifts in the Intertropical Convergence Zone (ITCZ).
The North and Middle Andaman district recorded a mean trend of 3.14 mm/year, with
individual grid values ranging from −0.01 mm/year to 6.53 mm/year, indicating a mix of
increasing and marginally decreasing trends. Conversely, the Nicobar district showed a
negative mean precipitation trend of −0.06 mm/year, with pixel-level values ranging from
−0.89 mm/year to 2.35 mm/year, indicating slight reductions in precipitation in some
areas. Significance analysis based on the Mann–Kendall test found no grids with significant
trends at the 99% confidence interval, while 5.97% of grids across the Andaman Islands
displayed significance at the 95% confidence level. None of the grids in the Nicobar group
exhibited statistically significant trends at either confidence interval.

Precipitation trends during the monsoon season revealed marked spatial variability,
as depicted in Figure 5c. The Nicobar district had a mean trend of 6.54 mm/year, with
values ranging from 2.59 mm/year to 12.66 mm/year, indicating moderate increases. In
the North and Middle Andaman district, the mean trend was higher at 9.35 mm/year, with
values spanning from −1.11 mm/year to 21.55 mm/year, reflecting substantial variability,
including isolated negative trends. The higher variability observed in North and Middle
Andaman is consistent with the findings of Shankar et al. [3], who noted that the presence
of cyclonic disturbances significantly influences precipitation fluctuations in the region.
The South Andaman district recorded the highest mean trend at 11.10 mm/year, with
pixel-wise trends ranging from 2.20 mm/year to 28.23 mm/year, indicating significant
increases. Trend significance analysis revealed that 16.71% of grids across the islands were
significant at the 99% confidence interval, while 36.52% showed significance at the 95%
confidence interval. In the Andaman group, 13.84% and 28.4% of grids were significant at
the 99% and 95% levels, respectively, whereas in the Nicobar group, 2.86% and 7.88% of
grids reached these thresholds.

Post-monsoon precipitation trends also exhibited spatial variability, as illustrated
in Figure 5d. The Nicobar district recorded the highest mean trend at 2.90 mm/year,
with pixel-level values ranging from 1.38 mm/year to 4.10 mm/year, indicating consistent
increases. The North and Middle Andaman district had a mean trend of 0.51 mm/year, with
values ranging from 0.05 mm/year to 1.39 mm/year, while the South Andaman district
recorded the lowest mean trend at 0.44 mm/year, with values ranging from 0.02 mm/year
to 1.76 mm/year. Significance analysis indicated that 2.63% of grids across the islands were
significant at the 99% confidence interval, while 26.97% were significant at the 95% level. In
the Andaman group, 0.72% and 7.88% of grids exhibited trends significant at 99% and 95%
confidence levels, respectively, while the Nicobar group had 1.91% and 18.85% of grids
showing significant trends at the same thresholds.

3.5. Annual Precipitation Trends (PRCPTOT)

Figure 6 illustrates the spatial distribution of (a) mean annual precipitation (PRCP-
TOT) in mm, representing precipitation climatology, (b) Sen’s slope (mm/year), indicating
precipitation trends, and (c) the p-value of the Mann–Kendall test, indicating the statistical
significance of these trends, along with the temporal variability of annual precipitation for
1981–2023 in the Andaman and Nicobar Islands.
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Figure 6. Spatial distribution of (a) mean total annual precipitation (PRCPTOT) in mm, representing
the climatology of precipitation, (b) Sen’s slope (in mm per year), indicating the magnitude of precip-
itation trends, and (c) p-value of the Mann–Kendall test, which assesses the statistical significance of
these trends, at the pixel level, for the period 1981–2023 in the Andaman and Nicobar Islands, Union
Territory of India.

The spatial distribution of mean total annual precipitation (PRCPTOT) across the An-
daman and Nicobar Islands revealed distinct climatological patterns. The Nicobar district
received an average annual precipitation of 2442.7 mm, ranging from 1961.3 mm to 3370.8 mm.
In North and Middle Andaman, precipitation was higher, averaging 3192.4 mm annually,
with values between 1865.2 mm and 4679.0 mm. South Andaman recorded the highest mean
precipitation at 3447.7 mm, with totals varying from 2025.9 mm to 4620.7 mm. The trend
analysis of PRCPTOT using Sen’s slope highlighted precipitation changes across the region.
The Nicobar district showed a mean trend of 14.2 mm/year, with pixel-wise values rang-
ing from 7.7 mm/year to 21.8 mm/year. North and Middle Andaman exhibited a slightly
higher mean trend of 16.0 mm/year, with trends spanning 2.1 mm/year to 31.6 mm/year.
South Andaman showed the highest mean trend of 18.3 mm/year, with values between
5.8 mm/year and 34.6 mm/year. These trends demonstrate spatial variability and a tendency
towards increased precipitation across the region. Across the islands, 29.83% of grids showed
statistically significant trends in PRCPTOT at the 99% confidence interval, while 36.75% were
significant at the 95% confidence interval. In the Andaman group, 23.15% and 27.68% of grids
showed significant trends at the 99% and 95% levels, respectively, while in Nicobar, 6.68% and
8.83% of grids were significant at these levels. The variable trends align with the observations
made by Adamala and Velmurugan [1], who concluded that South-West, North-East, and
post-monsoon precipitation showed a non-significant decreasing trend at the rate of 0.05, 0.55
and 0.03 mm year−1, respectively, while the summer and pre-monsoon months showed an
increasing trend at 0.16 and 0.25 mm year−1, respectively.
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3.6. Total Annual Rainy Days

The spatial distribution of the mean annual number of rainy days across the Andaman
and Nicobar Islands revealed distinct climatological patterns. The Nicobar district experi-
enced the highest average of 132.22 rainy days per year, ranging from 102.74 to 143.53 days,
reflecting consistently high precipitation activity. In North and Middle Andaman, the
average was 107.52 rainy days per year, varying between 78.30 and 120.09 days, indicating
moderate spatial variability. The South Andaman district recorded an annual average of
106.66 rainy days, ranging from 75.58 to 120.19 days. The analysis of Sen’s slope trends in
annual rainy days showed spatial variability in the rate of change across the islands. The
Nicobar district exhibited a mean increase of 9.02 days per decade, with trends ranging from
4.74 to 12.00 days per decade, indicating substantial increases in precipitation frequency.
North and Middle Andaman showed a modest mean increase of 2.17 days per decade,
with trends ranging from −1.21 to 5.00 days per decade, reflecting localized decreases in
some areas. The South Andaman district showed a mean increase of 3.69 days per decade,
with trends between 0.00 and 6.15 days per decade, reflecting relatively uniform increases.
Sharma et al. [43] similarly highlighted the uneven nature of precipitation increases over
Tapi Basin, which are not always consistent across regions. Across the Andaman and
Nicobar Islands, 44.63% of grids showed statistically significant trends in annual rainy
days at the 99% confidence level, while 26.97% were significant at the 95% level. In the
Andaman group, 21.24% and 24.34% of grids showed significant trends at the 99% and 95%
levels, respectively. In the Nicobar group, 23.15% of grids were significant at the 99% level,
while 2.63% were significant at the 95% level. These results are contradictory to the results
of study conducted by [24], which concluded that there was a decreasing trend in yearly
rainy days with a significant trend over all the stations except Port Blair during 1961–2000.
This might be due to the change in the analysis year and variation in the classification of
the study area. Figure 7 depicts the spatial distribution of (a) mean annual rainy days, rep-
resenting the climatology of rainy days per year, (b) Sen’s slope (days/decade), indicating
trends in rainy days, and (c) the p-value of the Mann–Kendall test, indicating the statistical
significance of these trends, along with the temporal variability of annual rainy days for
1981–2023 in the Andaman and Nicobar Islands.
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Figure 7. Spatial distribution of (a) mean annual rainy days, illustrating the climatology of the
number of rainy days per year, (b) Sen’s slope (in days per decade), indicating the magnitude of
trends in rainy days, and (c) p-value of the Mann–Kendall test, indicating the statistical significance of
these trends, at the pixel level, for the period 1981–2023 in the Andaman and Nicobar Islands, Union
Territory of India.

3.7. Intensity-Based Indices

The climatology of annual light precipitation (2.5 mm to 15.5 mm) days, depicted in
Figure 8a (row 1), shows variation across the Andaman and Nicobar Islands.
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Figure 8. Spatial distribution of (a) mean annual rainy days, illustrating the climatology of the
number of rainy days per year, (b) Sen’s slope (in days per decade), indicating the magnitude of
trends in rainy days, and (c) p-value of the Mann–Kendall test, indicating the statistical significance of
these trends across various precipitation intensity categories: light precipitation (2.5 mm to 15.5 mm),
moderate precipitation (15.6 mm to 64.4 mm), heavy precipitation (64.5 mm to 115.5 mm), and very
heavy precipitation (greater than 115.6 mm).

In Nicobar, the average was 69.28 days, with a range of 38.40 to 88.35 days. North and
Middle Andaman experienced an average of 40.01 days, ranging from 28.37 to 50.63 days,
while South Andaman recorded 36.43 days on average, with values between 23.53 and
49.98 days. This variation is consistent with previous findings by [24], who observed
similar spatial differences in precipitation patterns across the island. The Sen’s slope trend
of annual light precipitation days, shown in Figure 8b (row 1), reveals that Nicobar had
a mean increase of 4.32 days per decade, ranging from 0.63 to 7.22 days, indicating a
moderate rise in light precipitation. North and Middle Andaman showed a slight increase
of 0.07 days per decade, with values ranging from −2.59 to 2.63 days, suggesting localized
decreases. In South Andaman, the mean trend was 0.76 days per decade, with values
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ranging from −1.11 to 2.37 days, indicating moderate increases but also some localized
decreases. This trend of increasing rainy days is supported by the study of [1], who also
identified a rise in rainy days events over the region. Statistically, 13.37% of grids across the
Andaman and Nicobar Islands exhibited significant trends at the 99% confidence interval,
and 8.59% at the 95% confidence interval. In the Andaman group of islands, 0.24% of grids
showed significant trends at the 99% level, and 2.39% at the 95% level. In contrast, Nicobar
showed 13.13% of grids with significant trends at the 99% confidence level and 5.97% at
the 95% level.

The climatology of annual moderate precipitation (15.6 mm to 64.4 mm) days, il-
lustrated in Figure 8a (row 2), displays regional variation. Nicobar had an average of
48.97 days, ranging from 41.77 to 60.40 days, while North and Middle Andaman had
50.41 days, with values ranging from 33.74 to 63.67 days, and South Andaman exhib-
ited 50.31 days, ranging from 35.72 to 60.14 days. The Sen’s slope trend for these days,
shown in Figure 8b (row 2), indicates that Nicobar’s trend increased by 2.76 days per
decade, with a range of 1.38 to 4.67 days. North and Middle Andaman showed a trend of
0.95 days per decade, with values ranging from −0.77 to 3.33 days. South Andaman
showed a mean increase of 1.20 days per decade, ranging from −0.38 to 3.33 days, showing
both an increase and some localized decreases. Statistically, 12.65% of grids across the
Andaman and Nicobar Islands exhibited significant trends at the 99% confidence level,
and 23.63% at the 95% confidence level. In the Andaman group of islands, 5.25% of grids
exhibited significant trends at the 99% level, and 11.93% at the 95% level. In contrast,
Nicobar showed 7.16% of grids with significant trends at the 99% confidence level and
11.69% at the 95% level.

In terms of heavy precipitation days (64.5 mm to 115.5 mm), the Nicobar district
recorded an average of 4.06 days, ranging from 2.10 to 9.55 days. North and Middle An-
daman had an average of 8.28 days, ranging from 4.34 to 12.58 days, while South Andaman
showed the highest average of 9.34 days, ranging from 5.26 to 13.25 days. Figure 8a (row 3)
reveals these spatial disparities. The Sen’s slope trend for heavy precipitation days, shown
in Figure 8b (row 3), highlights a mean trend of 0.10 days per decade in Nicobar, with a
range from −0.45 to 1.17 days per decade. North and Middle Andaman showed a stronger
positive trend, with a mean of 0.55 days per decade and a range from 0.00 to 1.53 days.
South Andaman experienced the steepest increase, with a mean trend of 0.87 days per
decade, ranging from 0.00 to 2.08 days. These trends suggest more frequent heavy precip-
itation events, especially in South Andaman. Across the Andaman and Nicobar Islands,
14.8% of grids showed significant trends at the 99% confidence interval, and 16.95% at the
95% confidence level. In the Andaman Islands, 13.84% of grids showed significant trends
at the 99% confidence interval, and 15.75% at the 95% confidence level. In contrast, Nicobar
recorded only 0.72% of grids showing significant trends at the 99% confidence level and
1.19% at the 95% level.

The climatology of very heavy precipitation days (greater than 115.6 mm), depicted
in Figure 8a (row 4), demonstrates distinct spatial variations. Nicobar averaged 1.50 days
per year, ranging from 1.00 to 2.50 days, while North and Middle Andaman experienced a
higher mean of 3.41 days, ranging from 1.15 to 7.14 days. South Andaman recorded the
highest mean, with 4.16 days per year, ranging from 1.27 to 9.06 days. The trend of very
heavy precipitation days, shown in Figure 8b (row 4), suggests minimal change in Nicobar,
with a mean trend of 0.01 days per decade (ranging from 0.00 to 0.33 days). North and
Middle Andaman exhibited a higher trend of 0.04 days per decade, ranging from −0.32
to 0.50 days. South Andaman had the most pronounced trend, with a mean of 0.09 days
per decade, ranging from −0.43 to 1.25 days, indicating substantial increases in specific
areas. For very heavy precipitation days, 0.48% of grids across the Andaman and Nicobar
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Islands exhibited statistically significant trends at the 99% confidence level, and 3.58%
at the 95% confidence level. In the Andaman Islands, 0.48% and 2.63% of grids showed
significant trends at the 99% and 95% confidence intervals, respectively. In Nicobar, no grids
showed significant trends at the 99% confidence level, but 0.95% exhibited significance at
the 95% level.

3.8. Persistence and Duration Indices (CDDs and CWDs)

The climatology of the maximum length of dry spell (CDD) in the Andaman and
Nicobar Islands showed significant spatial variation. In the Nicobar district, the mean
CDD value was 33.31 days, ranging from 29.00 to 50.27 days, indicating shorter dry spells
compared to other districts. In the North and Middle Andaman district, the mean CDD
value was 61.61 days, spanning 44.76 to 86.60 days, reflecting the occurrence of more
extended dry periods. Similarly, the South Andaman district had a mean CDD value of
61.28 days, varying from 38.34 to 86.16 days. These findings highlight that North and
Middle Andaman and South Andaman experienced longer dry spells on average compared
to the Nicobar district, underscoring distinct climatic patterns across the region. The
increasing trend in dry spells observed here is consistent with the findings of [43], who
identified a general rise in the frequency of dry periods in island regions. Trends in the
maximum number of consecutive dry days (CDDs) showed notable regional variability in
Sen’s slope estimates. In the Nicobar district, the mean trend in CDDs was −0.63 days per
decade, with values ranging from −2.10 to 1.15 days, indicating an overall decrease in dry
spell length, though some areas showed slight increases. The North and Middle Andaman
district had a mean trend of −0.78 days per decade. A spatial analysis revealed that 3.1%
of grids in the Andaman and Nicobar Islands showed statistically significant trends at the
99% confidence interval, while 5.73% were significant at the 95% interval. In the Andaman
group, 3.1% of grids were significant at 99% confidence, with 4.53% significant at 95%. In
the Nicobar group, no grids were significant at 99%, and 1.19% showed significance at 95%.

The climatology of the maximum length of wet spell (CWD) in the Andaman and
Nicobar Islands showed regional differences. In the Nicobar district, the mean CWD value
was 11.02 days, ranging from 10.02 to 11.79 days, indicating shorter wet periods. In contrast,
the North and Middle Andaman district had a higher mean of 12.65 days, with values
between 10.46 and 14.06 days, while the South Andaman district had a mean of 12.39 days,
ranging from 11.04 to 14.11 days. These differences highlight longer wet spells in the North
and Middle Andaman and South Andaman districts compared to the Nicobar district. The
trends in CWD reveal varied patterns of change. In the Nicobar district, the mean Sen’s
slope was 0.32 days per decade, with values from −0.55 to 1.25 days per decade, showing a
slight increase in wet spells, though some areas exhibited declines. The North and Middle
Andaman district showed a mean slope of 0.01 days per decade, with trends ranging from
−1.20 to 1.11 days per decade, suggesting minimal changes overall, though there were
areas with both increases and decreases. The variability in these trends corresponds with
the findings of Sharma et al. [43], who observed a decrease in wet days over the Indian
region, specifically over Tapi Basin. In South Andaman, the mean slope was 0.17 days per
decade, with values ranging from −0.28 to 1.03 days per decade, indicating a general trend
toward longer wet spells in some areas, despite a few negative trends. These varying trends
demonstrate spatial variability in changing wet spell patterns across the islands. In the
Andaman and Nicobar Islands, 2.39% of grids showed statistically significant trends at the
99% confidence interval, and 6.44% at the 95% confidence interval. In the Andaman group,
0.24% of grids were significant at the 99% level, and 2.15% at the 95% level, while in the
Nicobar group, 2.15% of grids were significant at the 99% level and 4.06% at the 95% level.
Figure 9 presents the spatial distribution of (a) the mean annual maximum length of dry
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spell (CDD) and wet spell (CWD), representing the climatology of consecutive wet days
(>2.5 mm precipitation) and consecutive dry days (<2.5 mm precipitation), respectively;
(b) Sen’s slope (days/decade), indicating trends in CDDs and CWDs; and (c) the p-value of
the Mann–Kendall test, indicating the statistical significance of these trends for 1981–2023
in the Andaman and Nicobar Islands.
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Figure 9. Spatial distribution of (a) mean annual maximum length of dry spell (CDD) and wet
spell (CWD) in days, representing the climatology of the maximum number of consecutive days
with precipitation less than 2.5 mm and exceeding 2.5 mm per year, respectively; (b) Sen’s slope
(in days per decade), indicating the magnitude of trends in CDDs and CWDs; and (c) p-value of
the Mann–Kendall test, indicating the statistical significance of these trends at the pixel level for the
period 1981–2023 in the Andaman and Nicobar Islands, Union Territory of India.

3.9. Magnitude and Distribution Indices (Rx1day, Rx5day, and SDII)

The annual maximum 1-day precipitation (Rx1day) across the Andaman and Nicobar
Islands showed notable spatial variability. In the Nicobar district, the mean Rx1day was
111.88 mm, ranging from 74.40 mm to 170.65 mm, indicating moderate precipitation
intensities during the wettest day each year. In the North and Middle Andaman district, the
mean Rx1day was 180.10 mm, ranging from 104.39 mm to 305.47 mm, reflecting significantly
higher precipitation intensities. The South Andaman district recorded the highest mean
Rx1day of 209.39 mm, with values from 114.38 mm to 308.69 mm, signifying more intense
precipitation events. These variations highlight pronounced spatial differences in extreme
precipitation, with the South Andaman district experiencing the highest intensities. Trends
in annual Rx1day reveal varied changes over time. In the Nicobar district, the mean
Sen’s slope was −0.63 mm per decade, with trends ranging from −7.79 mm to 8.91 mm
per decade, reflecting both decreases and increases in extreme precipitation. The North
and Middle Andaman district showed a mean Sen’s slope of 3.66 mm per decade, with a
range of −6.63 mm to 14.25 mm, indicating a general tendency for increasing precipitation
intensities. The South Andaman district had a mean slope of 1.13 mm per decade, with
trends from −12.21 mm to 19.48 mm per decade, highlighting substantial spatial variability
with significant increases and notable declines in some areas. These trends emphasize
the heterogeneity in changing precipitation patterns across the region. Statistical analysis
revealed that 1.43% of grids in the Andaman and Nicobar Islands showed significant
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trends at the 99% confidence level, and 6.68% were significant at the 95% level. In the
Andaman group, 0.48% of grids were significant at the 99% level, and 4.06% at the 95%
level. In the Nicobar group, 0.95% showed significance at the 99% level, and 2.39% at
the 95% level. Sridhar and Pai [24] observed similar trends of spatial heterogeneity in
extreme precipitation events over the Andaman and Nicobar Islands, emphasizing that
variations are strongly influenced by localized topography and mesoscale weather systems.
These findings reinforce the higher Rx1day values reported for the South Andaman district,
which is characterized by its proximity to the Bay of Bengal and its vulnerability to cyclonic
systems. Sharma et al. [43] noted the importance of recognizing spatial variability when
indicating extreme precipitation trends, as certain areas exhibit statistically significant
trends while others do not, a phenomenon observed across the Andaman and Nicobar
Islands. Figure 10 illustrates the spatial distribution of (a) the mean annual maximum 1-day
precipitation (Rx1day) and wettest consecutive 5-day precipitation periods, respectively,
representing the climatology of the highest daily precipitation each year; (b) Sen’s slope
(mm/decade), indicating trends in Rx1day and Rx5day; and (c) the p-value of the Mann–
Kendall test, indicating the statistical significance of these trends for 1981–2023 in the
Andaman and Nicobar Islands.

Atmosphere 2025, 16, x FOR PEER REVIEW  23  of  30 
 

 

decade, with  trends  from −12.21 mm  to 19.48 mm per decade, highlighting substantial 

spatial variability with  significant  increases and notable declines  in  some areas. These 

trends emphasize the heterogeneity in changing precipitation patterns across the region. 

Statistical  analysis  revealed  that  1.43%  of  grids  in  the Andaman  and Nicobar  Islands 

showed significant trends at the 99% confidence level, and 6.68% were significant at the 

95% level. In the Andaman group, 0.48% of grids were significant at the 99% level, and 

4.06% at the 95% level. In the Nicobar group, 0.95% showed significance at the 99% level, 

and 2.39% at the 95% level. Sridhar and Pai [24] observed similar trends of spatial hetero-

geneity in extreme precipitation events over the Andaman and Nicobar Islands, empha-

sizing  that  variations  are  strongly  influenced  by  localized  topography  and mesoscale 

weather  systems.  These findings  reinforce  the  higher Rx1day  values  reported  for  the 

South Andaman district, which is characterized by its proximity to the Bay of Bengal and 

its vulnerability to cyclonic systems. Sharma et al. [43] noted the importance of recogniz-

ing spatial variability when indicating extreme precipitation trends, as certain areas ex-

hibit statistically significant trends while others do not, a phenomenon observed across 

the Andaman and Nicobar Islands. Figure 10 illustrates the spatial distribution of (a) the 

mean annual maximum 1-day precipitation (Rx1day) and wettest consecutive 5-day pre-

cipitation periods, respectively, representing the climatology of the highest daily precipi-

tation each year; (b) Sen’s slope (mm/decade), indicating trends in Rx1day and Rx5day; 

and (c) the p-value of the Mann–Kendall test, indicating the statistical significance of these 

trends for 1981–2023 in the Andaman and Nicobar Islands. 

 

Figure 10. Spatial distribution of (a) mean annual maximum 1-day precipitation (Rx1day; in mm) 

and consecutive 5-day precipitation  (Rx5day;  in mm),  illustrating  the climatology of  the highest 

recorded precipitation on a single day each year and wettest consecutive 5-day precipitation peri-

ods, respectively; (b) Sen’s slope (in mm per decade), indicating the magnitude of trends in Rx1day 

and Rx5day; and (c) p-value of the Mann–Kendall test, indicating the statistical significance of these 

trends at the pixel level for the period 1981–2023 in the Andaman and Nicobar Islands, Union Ter-

ritory of India. 

In the Nicobar district, the mean Rx5day was 280.42 mm, ranging from 195.62 mm to 

397.33 mm, reflecting moderate precipitation totals over the wettest five-day periods. In 

Figure 10. Spatial distribution of (a) mean annual maximum 1-day precipitation (Rx1day; in mm)
and consecutive 5-day precipitation (Rx5day; in mm), illustrating the climatology of the highest
recorded precipitation on a single day each year and wettest consecutive 5-day precipitation periods,
respectively; (b) Sen’s slope (in mm per decade), indicating the magnitude of trends in Rx1day and
Rx5day; and (c) p-value of the Mann–Kendall test, indicating the statistical significance of these trends
at the pixel level for the period 1981–2023 in the Andaman and Nicobar Islands, Union Territory
of India.

In the Nicobar district, the mean Rx5day was 280.42 mm, ranging from 195.62 mm
to 397.33 mm, reflecting moderate precipitation totals over the wettest five-day periods.
In the North and Middle Andaman district, the mean increased to 424.29 mm, with a
range of 258.51 mm to 672.52 mm, indicating more intense precipitation events. The South
Andaman district recorded the highest mean of 485.08 mm, varying between 286.68 mm
and 697.83 mm, highlighting extremely intense precipitation during consecutive days.
These differences indicate distinct spatial variability, with the South Andaman district
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experiencing the most substantial cumulative precipitation. Trends in Rx5day reveal
notable temporal variability. In the Nicobar district, the mean Sen’s slope was 4.52 mm
per decade, ranging from −14.33 mm to 27.74 mm, indicating a mix of declining and
rising precipitation intensities. The North and Middle Andaman district showed a higher
mean Sen’s slope of 14.98 mm per decade, with values between −18.13 mm and 36.93 mm,
reflecting a tendency toward increasing multi-day precipitation totals, although some areas
exhibited decreasing trends. The South Andaman district had a mean Sen’s slope of 3.49 mm
per decade, with the widest range from −32.00 mm to 52.52 mm, showing both significant
increases and decreases in precipitation intensities. These observations emphasize the
heterogeneous nature of Rx5day trends across the region, with spatially varied patterns
of change. Statistical analysis of trends further highlighted spatial variability. Out of
419 grids analysed, 1.67% exhibited statistically significant trends at the 99% confidence
level, and 6.21% were significant at the 95% level. In the Andaman group of islands,
which includes 309 grids, 1.43% showed significant trends at the 99% confidence level, and
5.01% were significant at the 95% level. In the Nicobar group of islands, out of 109 grids,
0.24% displayed significant trends at the 99% level, and 1.19% were significant at the 95%
level. The increasing frequency and magnitude of extreme precipitation events observed
in other regions, as reported by Sharma et al. [43], have been linked to factors such as
rising maximum and minimum temperatures, declining forest cover, rapid urbanization,
population growth, and increased atmospheric aerosol content.

The annual simple precipitation intensity index (SDII) showed distinct spatial vari-
ation across the Andaman and Nicobar Islands, reflecting precipitation intensity on wet
days. Figure 11 shows the spatial distribution of (a) the mean annual simple precipitation
intensity index (SDII), representing the climatology of precipitation intensity on wet days
(≥2.5 mm); (b) Sen’s slope (mm/decade), indicating trends in SDII; and (c) the p-value of
the Mann–Kendall test, indicating the statistical significance of these trends for 1981–2023
in the Andaman and Nicobar Islands.
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Figure 11. Spatial distribution of (a) mean annual simple precipitation intensity index (SDII), illustrating
the climatology of precipitation intensity on wet days (defined as days with precipitation ≥ 2.5 mm)
in mm; (b) Sen’s slope (in mm per decade), indicating the magnitude of trends in SDII; and (c) p-value
of the Mann–Kendall test, indicating the statistical significance of these trends at the pixel level for the
period 1981–2023 in the Andaman and Nicobar Islands, Union Territory of India.

In the Nicobar district, the mean SDII was 20.08 mm, ranging from 14.84 mm to
28.96 mm, indicating moderate precipitation intensity. The North and Middle Andaman
district displayed a higher mean of 30.90 mm, varying between 22.33 mm and 40.16 mm,
indicating more substantial precipitation rates. The South Andaman district recorded the
highest mean SDII of 34.19 mm, with values spanning from 23.97 mm to 46.09 mm, high-
lighting intense precipitation events. These observations reveal a gradient in precipitation
intensity, with the South Andaman district experiencing the most intense precipitation,
followed by North and Middle Andaman and the Nicobar district, which exhibited rel-
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atively moderate wet day precipitation rates. These findings align with [24], who also
observed considerable variability in extreme precipitation events over the Andaman and
Nicobar Islands, indicating an increasing trend in extreme precipitation events in certain
areas. Trends in SDII, represented by Sen’s slope, exhibit notable spatial variation across
the Andaman and Nicobar Islands. In the Nicobar district, the mean trend was −0.09 mm
per decade, with values ranging from −0.64 mm to 0.82 mm per decade, reflecting a mix
of declining and marginally increasing precipitation intensities on wet days. The North
and Middle Andaman district showed a positive mean trend of 0.84 mm per decade, with
values ranging from −0.47 mm to 1.79 mm per decade, indicating a general tendency
toward increasing precipitation intensity but with some localized declines. The South
Andaman district recorded a mean trend of 0.62 mm per decade, with trends varying
from −0.41 mm to a substantial increase of 2.23 mm per decade, signifying heterogeneous
changes in wet day precipitation intensities. The spatially heterogeneous trends observed
in SDII are consistent with the findings of Sharma et al. [43], who reported variability in
extreme precipitation indices across different regions in India, including both positive and
negative trends depending on localized climatic conditions. The statistical analysis of SDII
trends revealed varying levels of significance across the Andaman and Nicobar Islands.

3.10. Percentile Threshold Indices (R95pTOT and R99pTOT)

The climatology of annual total precipitation, when daily precipitation exceeds the 95th
percentile (R95pTOT), highlights the contribution of very wet days to total precipitation
across the Andaman and Nicobar Islands. Figure 12 presents the spatial distribution
of (a) the mean annual total precipitation on very wet days (R95pTOT) and extremely
wet days (R99pTOT), representing the climatology of precipitation contribution from days
exceeding the 95th percentile and 99th percentile, respectively; (b) Sen’s slope (mm/decade),
indicating trends in R95pTOT and R99pTOT; and (c) the p-value of the Mann–Kendall test,
indicating the statistical significance of these trends for 1981–2023 in the Andaman and
Nicobar Islands.

In the Nicobar district, the mean R95pTOT was 37.35%, ranging from 36.30% to 40.22%,
indicating a significant contribution from extreme precipitation events. In the North and
Middle Andaman district, the mean R95pTOT was 35.42%, with values ranging from
30.48% to 39.29%, showing slightly lower contributions from extreme events compared
to the Nicobar district. The South Andaman district exhibited a mean of 36.68%, with
values between 31.85% and 39.62%, reflecting a moderate contribution from very wet days.
These findings align with [24], who noted significant spatial and temporal variations in
extreme precipitation indices over the Andaman and Nicobar Islands. While this study
highlights an overall increase in contributions from very wet days (R95pTOT) in the
Andaman districts and a general decline in the Nicobar district, Velmurugan et al. [42]
observed an increase in the heavy-to-very-heavy precipitation categories, ranging from
6.5% to 8.8%, compared to the climatic normal of 6.5%. This aligns with the increasing
contribution of extreme precipitation events observed in the South Andaman and North and
Middle Andaman districts, highlighting the growing prominence of extreme precipitation
in the region. The trend analysis of R95pTOT provided insights into long-term variability
in extreme precipitation contributions from 1981 to 2023. In the Nicobar district, the
mean trend was −0.67% per decade, with a range from −2.54% to 1.50% per decade,
suggesting a slight decline in contributions from very wet days. The North and Middle
Andaman district showed a mean trend of 1.18% per decade, ranging from −0.93% to
3.53% per decade, indicating an overall increase in extreme precipitation contributions. The
South Andaman district also showed a positive trend with a mean of 1.08% per decade,
ranging from −0.92% to 4.03% per decade, reflecting increasing contributions from very
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wet days. These trends reveal a rise in the intensity and frequency of very wet days in
the Andaman group, while the Nicobar district showed mixed results, including some
declines. Shankar et al. [3] highlighted the vulnerability of the Andaman and Nicobar
Islands to cyclones, which often contribute to excess precipitation and flooding in the region.
Their study revealed that 14.49% of the coastline falls in the high-vulnerability category,
emphasizing the compounded risks of extreme precipitation events and cyclone-induced
flooding. Across the Andaman and Nicobar Islands, 2.86% of grids displayed statistically
significant trends at the 99% confidence level, and 8.11% at the 95% level. In the Andaman
group, 1.91% of grids had significant trends at the 99% level, with 5.25% at the 95% level,
while in the Nicobar group, 0.95% of grids were significant at the 99% level, and 2.63%
at the 95% level. These results correspond with the findings of Sharma et al. [43], who
demonstrated that spatial variability in extreme precipitation trends is often governed by
the interplay of large-scale climatic drivers and localized geographic influences.
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Figure 12. Spatial distribution of (a) mean annual total precipitation when daily precipitation exceeds
the 95th percentile (R95pTOT; % of PRCPTOT) and 99th percentile (R99pTOT; % of PRCPTOT),
illustrating the climatology of the contribution to total precipitation from very and extremely wet
days, respectively; (b) Sen’s slope (% of PRCPTOT per decade), indicating the magnitude of trends
in R95pTOT and R99pTOT, respectively; and (c) p-value of the Mann–Kendall test, indicating the
statistical significance of these trends at the pixel level for the period 1981–2023 in the Andaman and
Nicobar Islands, Union Territory of India.

In the Nicobar district, the mean R99pTOT was 15.89%, with values ranging from
15.21% to 17.73%, indicating that a significant proportion of precipitation originates from
extremely wet days. The North and Middle Andaman district had a slightly lower mean
R99pTOT of 15.54%, with a broader range from 13.26% to 17.99%, reflecting both reduced
contributions and greater spatial variability in extreme precipitation events. The South
Andaman district showed the highest mean R99pTOT at 16.04%, with values ranging from
14.00% to 17.42%, indicating a consistently strong influence of extremely wet days. This
spatial heterogeneity aligns with findings by Sridhar and Pai [24], who noted significant
variability in extreme precipitation patterns over the Andaman and Nicobar Islands, driven
by both localized topography and synoptic weather systems. However, they also noted
periods of significant decreases in extreme precipitation indices in the Nicobar group,



Atmosphere 2025, 16, 301 25 of 28

potentially due to shifts in monsoonal patterns. In the Nicobar district, the mean trend
was −0.99% per decade, ranging from −2.53% to 1.21%, showing a general decline in the
contribution of extreme precipitation events, with some localized increases. The North
and Middle Andaman district had a positive mean trend of 0.60% per decade, with values
ranging from −1.47% to 2.50%, suggesting an overall increase, although some areas showed
declines. The South Andaman district displayed a positive mean trend of 0.38% per decade,
ranging from −1.41% to 2.59%, reflecting an overall increase in contributions from very wet
days, with a few regions experiencing decreases. Across the Andaman and Nicobar Islands,
2.15% of grids showed statistically significant trends in R99pTOT at the 99% confidence
interval, and 6.68% at the 95% confidence interval. Within the Andaman group, only 0.48%
of grids showed significance at the 99% level, and 0.95% at the 95% level. In the Nicobar
group, 1.67% of grids were significant at the 99% confidence interval, and 5.49% at the
95% level.

4. Conclusions
The study investigates the spatio-temporal variability of precipitation and its trends in

the Andaman and Nicobar Islands, India, by utilizing high-resolution CHIRPS observa-
tional data. This analysis helps to understand how precipitation patterns fluctuate over
time and space in this region, providing insights into changing climate trends. The key
findings of the study are as follows:

1. Significant increasing trends in mean precipitation are found over most parts of
Nicobar during the winter and post-monsoon seasons, as well as over most parts
of Andaman during the monsoon season. Additionally, some parts of the islands
exhibited increasing trends in mean precipitation during all other seasons. On an
annual timescale, most parts of Andaman and Nicobar showed significant increasing
trends in mean precipitation and the number of rainy days (precipitation ≥ 1 mm).

2. It is observed that the light-to-moderate precipitation events occur more frequently
than heavy precipitation events across the islands, although heavy precipitation is
more frequent in Andaman than in Nicobar.

3. A significant increase in the frequency of light-to-moderate precipitation (i.e., between
2.5 mm and 64.4 mm) events is noted across most of Nicobar, while parts of Andaman
showed a rise in the frequency of moderate-to-heavy precipitation (i.e., between
64.4 mm and 115.5 mm) events. Additionally, some areas of central Andaman and
Nicobar experienced a significant rise in the frequency of very heavy precipitation
(precipitation ≥ 115.6 mm) events.

4. In general, Andaman experienced a higher intensity of extreme precipitation (i.e.,
Rx1day and Rx5day) compared to Nicobar, although only a few parts of Andaman
(mostly in central Andaman) and Nicobar (mostly in southern Nicobar) showed
increases in precipitation during both indices.

These findings underscore the growing vulnerability of the Andaman and Nicobar
Islands to extreme precipitation events, influenced by local climate dynamics, topography,
and possibly anthropogenic changes. The observed regional trends in the frequency and in-
tensity of precipitation events highlight the need for region-specific climate adaptation and
mitigation strategies, particularly in the areas of water resource management, agricultural
planning, and disaster risk reduction in response to climate change-induced variability.
The varying precipitation patterns and trends across the Andaman and Nicobar Islands
emphasize the need for further investigation to better understand the underlying physical
mechanisms driving these changes. This study also suggests assessing the fidelity of climate
models to determine if they accurately represent observed precipitation variability and
trends, as well as investigating projected future changes.
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The following abbreviations are used in this manuscript:

Lat Latitude
Lon Longitude
CDDs Cumulative Dry Days
CWDs Cumulative Wet Days
Rx1day Annual wettest 1-day precipitation
Rx5day Annual wettest 5-day precipitation
SDII Simple precipitation intensity index
R95pTOT Annual total precipitation when daily precipitation > 95th percentile
R99pTOT Annual total precipitation when daily precipitation > 99th percentile
Sig Significance
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