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ABSTRACT

Precipitation plays the most important role in the hydrological cycle and water resource management in climate-
sensitive regions. ldentifying the long-term changes in precipitation is essential for understanding the regional cli-
mate dynamics. The innovative trend analysis (ITA) method was used to study the seasonal and annual trends in
precipitation over the Leh district from 1990 to 2020. The ITA results showed a statistically significant negative
monotonic trend in annual precipitation at -2.45 mm. On seasonal scale the ITA results showed significant mono-
tonic decreasing trend in precipitation in spring (March-May) (-3.50 mm), winter (December-February) (-2.29 mm),
and summer season (June-August) (-2.03 mm), however, the autumn season (September-November) showed non-
monotonic insignificant decreasing trend (-0.05 mm). The winter and spring seasons contributed largely to the
overall decline of precipitation. The High coefficients of variation in seasonal data indicate strong interannual var-
iability, and the percentage bias values suggest deviations in seasonal precipitation behaviour. The results highlight
a shift toward decline and erratic seasonal rainfall, which can have negative implications for water management in
the region. Since the communities in the region depend on winter precipitation (snowfall) for water availability,

artificial glaciers are the only adaptive measures to mitigate the water stress. Results from the present study can
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guide future initiatives aimed at mitigating the implications of changing precipitation on rural livelihoods and other

sensitive ecosystems in the Himalayan region.
INTRODUCTION

Global warming is witnessed by scientific communities all over the world. The Intergovernmental Panel on Climate
Change (IPCC) also informed global rise in temperature in their Fifth Assessment Report. Since the pre-industrial
era, human activities have played a substantial role in warming the global temperature, which will continue to rise
and affect climate dynamics (Masson-Delmotte et al. 2022; Ahmed et al. 2025; Pranto et al. 2024). The changes in
climatic parameters are particularly noticeable in high-altitude mountainous regions such as the Himalayas, the
Rockies, and the Alps. Climate change significantly impacts both natural environments and human societies (Mon-
real and Stotter, 2014; Hagedorn et al. 2019; Kohler et al. 2014). The Himalayan belt is facing abnormal changes
in both temperature and precipitation (Singh et al. 2016; Kumar et al. 2024). As a result, these regions are highly
exposed to extreme weather events like cloud bursts, short-term flooding and water shortages (Gautam et al. 2013;
Ahsan et al. 2022; Pant et al. 2018; Norris et al. 2020). One of the most significant challenges in the 21st century
is climate change (Abhumhadi et al. 2012), particularly the change in precipitation and its implications (Carter et
al. 2021; Huq et al. 2015). The variability in precipitation significantly affects the sensitive ecological regions and
particularly the livelihood of the communities in these regions. These communities are reliant on subsistence agri-
culture and glacier meltwater for irrigation. The abnormal pattern of precipitation and climate variability highlights
the critical importance of the study of precipitation change in Ladakh, where the communities are severely depend-
ent on snowmelt or glacier meltwater for agricultural and domestic purposes (Norphel and Tashi, 2015; Shaheen et
al. 2013; Tuladhar et al. 2023; Khan et al. 2024). Numerous studies (Paul et al. 2017; Longobardi and Villani, 2010;
Sayemuzzaman and Jha, 2014; Addisu et al. 2015; Gajbhiye et al. 2016; Asfaw et al. 2018; Gao et al. 2020; Pastagia
and Mehta, 2023) have highlighted the rainfall variability across different geographical regions, employing both
parametric and non-parametric methods. Some of the well-known techniques across climate change studies are the
Mann-Kendall test, Sen's slope estimator, Spearman's rho, and linear regression methods. In these methodologies
the data should be independent of each other and should be normally distributed but sometime data are not inde-
pendent of each other and are serially correlated, (Moshfika et al., 2022; Aziz et al., 2003; Barua et al., 2013)
therefore to address the limitations of serially correlated data, Sen (2012) introduced a novel trend analysis method
which is innovative trend analysis (ITA) method. Various researchers in various fields have used this method and
highlighted the advantages of using this method over traditional methods. It is the ability of this method that a sub-
trend is also visible, which is not visible with the MK test or MMK test (Poddar et al. 2023). The applicability of
this method is universal compared to the MK or MMK tests, making it an important methodology for trend detec-
tion in different contexts (Mallick et al. 2022; PZ and KV, 2021; Tosunoglu and Kisi, 2017).

In the study region, the communities are reliant on subsistence agriculture and pastoralism. Therefore, glaciers and
snow-melting water play a major part in the sustenance of these communities in this cold desert environment

(Gondhalekar et al. 2015; Nusser et al. 2019). The variations in precipitation patterns, particularly in the winter
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seasons (December to February), directly affect the availability of irrigation water in the sowing season (May and
June) (Tuladhar et al. 2023). The region is also facing other hydrological challenges like cloud bursts and flash
floods, particularly in August, affecting livelihoods (Kumar and Saizen, 2023; Tuladhar et al. 2023; Barrett and
Bosak, 2018). Therefore, finding precipitation change in a longer timeframe (1990-2020) is necessary to compre-
hend the vulnerability of the study region to water shortages and intense climatic events. The objective is to find
the temporal variations in precipitation from 1990 to 2020 and to find whether the trend is monotonic or non-
monotonic, by employing the innovative trend analysis (ITA) method.

2. STUDY AREA

The study area is Leh district (Fig. 1), between the Karakoram and Zanskar ranges. Geographically, it stretches
from 34°17' North latitude to 77°58' East longitude, at an average altitude of 3500 meters above sea level in the
Trans-Himalayan region (Chevuturi et al. 2016). It is a cold, arid desert that receives little rainfall, particularly in
the summer months, influenced by the Indian monsoon and snowfall in the winter, under western disturbances. The
seasonal range of temperature is high in this region, during the winter season, the temperature drops to -28 degrees
Celsius and rises to 35 degrees Celsius in the summer (Thayyen et al. 2013). The aridity of the region is attributed
to its location within the rain shadow of high mountain ranges which have surrounded the district from all sides
(Sant et al. 2011; Chevuturi et al. 2016; Juyal, 2014). Consequently, the vegetation in the region is limited to
riverbanks and streams. Therefore, this region's rural communities rely on agriculture and livestock. The cultiva-
tion of Wheat and barley is carried out during the summer season, which is the major crop of the region. The locals
also grow fruits like apricots, apples, and watermelons and vegetables like peas, potatoes, cabbage, and others
during the summer months. Since the communities primarily depend on snow melt water, the winter precipitation
plays a significant role in water availability for irrigation during the sowing period. Understanding the changing

precipitation pattern and water availability is critical in this ecologically sensitive region.
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Figure 1: Map study area of the Leh district in Ladakh.

2. MATERIALS AND METHODS

2.1. Data sources
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The IMD daily gridded datasets (0.25%0.25 degree) were collected from 1990 to 2020 to carry out this study. The
data were collected using the Python console IMDLIB packages in QGIS software. After collecting the data for

each year, the data was analysed to find the missing data. The multiple imputation method in SPSS software was

used to substitute the missing data (Miro et al. 2017). The software is known for statistical analysis (Khalifeloo et

al. 2015). The data was then used to find out the distinct trends in precipitation patterns over the last 30 years using

the Innovative trend analysis (ITA) method.

2.2. Innovative trend analysis
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In this study, the innovative trend analysis (ITA) method was used to find out the changes in precipitation over the
last three decades, i.e. from 1990 to 2020, in the study region; this method was introduced by Sen (2012). Unlike
traditional approaches such as the MK or mMK, the ITA works without assumptions regarding serial autocorrela-
tion, normality, or record length (Caloiero et al. 2018). The ITA data from 1990 to 2020 was separated into two
equal parts, i.e., the first half from 1990 to 2004, and the second half from 2005 to 2020, then these data were
organized in an ascending order. After organizing the data, we used the Cartesian coordinate system and plot the
first half data (1990-2004) on the X-axis (horizontal) and the other half data (2005-2020) on the Y-axis (vertical)
(Singh et al., 2021; Caloiero, 2020; Wang et al. 2020) to create the scatter plot. The ITA method helps in visualizing
the trend in the data. A diagonal 45° line (1:1 line) was drawn on the scatter plot (Fig. 2) to represent trendless or
no trend. If the data points aggregate on the 45° line, then it signifies trendless, and if the scatter points aggregate
above the 45° line, then it indicates an increase in trend (Fig. 3), and if the data points aggregate below the 45° line,
then it signifies a decrease in trend (Sen, 2012). The distance of scatter points from the 45° line serves as a degree

of magnitude of the trend, i.e. the trend is either monotonic or non-monotonic (Figure 3).
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Figure 2: Illustration of increasing trend and decreasing trend triangle and trendless line (45°) of ITA.

To provide the indicator for trend analysis, the standardization of average variation was necessary. It involves
multiplication of the indicator by 10 to facilitate interpretation. The representation of the innovative trend analy-

sis is defined as (Equation I):
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The first and second-half data are denoted by yi and xi, respectively (Equation Il). Additionally, X represents the

first half's mean, while B is a trend indicator. A Positive B value signifies a positive trend (Increasing trend) in the

data, whereas a negative B value signifies a negative trend (Decreasing). In cases where the original time series

data exhibits anomalies, the initial observation is excluded before dividing it into two halves. This exclusion ensures

that the more recent data from the series is fully utilized for analysis.
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Figure 3: lllustration of monotonic and non-monotonic trends.

2.3. Percent Bias

o Trendless
® Monotonic Increase
A Monotonic Decrease

® Non-Monotonic Increase
# Non-Monotonic Decrease

Percent Bias approach (Equation I1) is widely utilized to find out the percentage change in the time series be-
tween two halves. (Poddar et al. 2023; Das et al. 2021; Mandal et al. 2021).

n Rl
PB =100 — E — x 100
-1 M;

where PB denotes Percent Bias, while n stands for the total data series. Mi and Ri denote the values which were

found in the first half and second half data series. An upward trend in data is shown by positive scores and a

downward trend in the data is shown by negative scores.

3. RESULTS
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3.1. Annual and monthly precipitation

Monthly and annual precipitation data for 1990-2020 in the Leh district show significant temporal variability (Ta-
ble 1; Figure 6). The Monthly precipitation showed wide-ranging values, with mean precipitation varying from as
low as 12.74 mm in October to a high of 82.72 mm in August. August also recorded the highest monthly maximum
precipitation (730.43 mm), highlighting its importance as the major contributor to the annual rainfall budget. Other
months with relatively higher average precipitation included March (58.69 mm), February (50.98 mm), and July
(44.13 mm), while minimal precipitation was observed during June (20.95 mm), November (17.03 mm), and Oc-
tober (12.74 mm).

The standard deviation (SD) values reflect the dispersion of precipitation events, with the most significant varia-
bility again observed in August (158.95 mm), followed by March (86.98 mm) and February (73.38 mm). These
variations point toward the irregular and erratic nature of precipitation events in the region. The coefficient of
variation (CV), which represents relative variability, was remarkably high in nearly all months, notably in January
(4584.14), February (3221.76), and March (2809.79), indicating extreme variation in precipitation from year to
year. Positive skewness was observed in all months, suggesting that precipitation events were typically lower than
the mean, with occasional extreme rainfall or snowfall events. November (3.41), May (2.24), and August (2.90)
exhibited the highest skewness values, indicating the presence of infrequent but intense events. Similarly, high
kurtosis values in these months particularly in November (11.06), August (9.29), and May (5.60) further confirm

the leptokurtic nature of the precipitation distribution, implying a sharp peak and heavy tails.

The analysis of annual precipitation adds further understanding into the long-term climatic behaviour of the region.
The mean annual precipitation during the 30-year period was 461.73 mm, with a substantial standard deviation of
537.19 mm. The high variability is evident in the coefficient of variation (CV = 1.16), and the positively skewed
distribution (skewness = 2.44) indicates that most years experienced below-average precipitation, interrupted by
occasional years of high precipitation. The kurtosis value of 0.92 suggests a platykurtic distribution at the annual

scale, with a flatter peak and thinner tails compared to the more leptokurtic monthly distributions.

Table 1: Statistical analysis of precipitation (MM).

Months Min Max Total Mean SD CVv Skewness | Kurtosis
Jan 0 260.27 1313.15 42.36 67.71 4584.14 1.93 3.20
Feb 0 224.50 1580.25 50.98 73.38 3221.76 1.38 0.49
Mar 0 282.06 1819.51 58.69 86.98 2809.79 1.29 0.41
Apr 0 176.93 1242.70 40.09 59.39 2605.11 1.28 0.05
May 0 202.29 851.18 27.46 46.72 2718.08 2.24 5.60
Jun 0 135.09 649.48 20.95 32.71 1274.63 2.04 4.04
Jul 0 264.26 1368.03 44.13 70.22 2253.57 1.99 3.24
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Aug 0 730.43 2564.40 82.72 158.95 2867.09 2.90 9.29
Sep 0 197.43 1102.08 35.55 52.73 1453.28 1.75 2.44
Oct 0 96.22 395.01 12.74 22.68 733.93 2.27 5.43
Nov 0 189.20 527.95 17.03 45.27 -50.75 341 11.06
Dec 0 186.33 899.79 29.03 58.43 935.77 2.13 3.08
Annual 0 1764.22 | 14313.53 461.73 537.19 1.16 2.44 0.92

3.2. Innovative trend analysis of annual precipitation

Figure 4 shows the innovative trend graph of annual precipitation trends. The analysis reveals a consistent and
statistically significant decreasing monotonic direction in annual precipitation. The observation indicates this that
most data points lie below the 45° line, indicating a deviation from a constant trend. Moreover, most of the data
points fall below the 5% confidence interval, providing further evidence of the significance of the observed trend.
Specifically, the innovative trend analysis indicates a monotonic decreasi20ng trend in annual precipitation, with a
notable negative slope. The calculated slope represents a decrease of approximately -2.45 mm in annual precipita-

tion. The percent bias analysis also shows a substantial 49% change in annual precipitation.
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Figure 4 : ITA plot showing the annual precipitation (MM)

3.3. Seasonal precipitation

The seasonal variability of precipitation was different in different seasons. In Figure 5a, the scatter plot of spring
season precipitation, the data points lie predominantly below the 45 °line, signifying a decreasing monotonic trend
in spring precipitation. This observation is consistent with a negative trend in spring precipitation. Moreover, the
majority of data points fall below the 95% confidence interval, suggesting statistical significance at a 95% confi-

dence level. The percent bias calculation reveals a substantial 70.01% change in precipitation levels in our analysis.
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This significant decrease highlights the importance of understanding and addressing shifts in precipitation patterns.
Furthermore, the slope analysis yielded a -3.50 mm decrease in spring precipitation. This finding further supports
the observed downward trend in spring precipitation levels, highlighting potential impacts on water resources. In
Figure 5b, the distribution of precipitation during the summer season is presented. The data points representing
precipitation levels consistently fall below the 45° line, inside the decreasing triangle. The scattering of data points
indicates a noticeable declining trend in precipitation from 1990 to 2020. The trend appears monotonic, character-
ized by a consistent decline without significant fluctuations. Furthermore, statistical analysis reveals that the trend
falls below the 5% confidence interval, confirming its significance with high statistical certainty. A notable 40.45%
change in precipitation was observed after calculating the per cent bias. Specifically, there was a decrease of -2.03
mm in precipitation during the summer season, as determined by the slope analysis. These findings provide evi-
dence of a significant and monotonic reduction in summer precipitation levels. The scatter plot in Figure 5c¢ illus-
trates the precipitation trends during the autumn season. We identified a non-monotonic trend, characterized by the
dispersion of data on both sides of the 45° line. This pattern shows variability in precipitation levels rather than a
consistent directional trend. We calculated a percent bias of 1.07 upon further examination, indicating a minimal
deviation from the expected precipitation values. Additionally, utilizing equation 5 to calculate the slope of the
trend, we observed a slight decrease in autumn precipitation. Specifically, the calculated slope revealed a decrease

of -0.05 mm in precipitation.
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Figure 5: a. plot showing the spring precipitation (MM), b. ITA plot showing the summer precipitation
(MM), c. ITA plot showing the autumn precipitation (MM), d. ITA plot showing the winter precipitation
(MM)

Figure 5d illustrates the winter precipitation trend analysis, where the data points consistently fall in the decreasing
triangle. This suggests a noticeable declining trend in winter precipitation from 1990 to 2020. Furthermore, statis-
tical analysis reveals that this trend is monotonic, with a high confidence level. Most data points lie below the 5%
confidence interval, which shows the trend's 95% confidence level. In addition to trend analysis, we computed the
percent bias of the precipitation trend, revealing a substantial 45.77% change in winter precipitation over the years.
Also, the slope identification yielded a -2.29 mm decrease in winter precipitation, signifying a consistent decline.
The present study specifies that the significant changes in precipitation occur during the spring and winter, with a
high percentage of change observed in these periods. The significant decrease in precipitation highlights the poten-
tial for future water shortages in the region if current trends persist. The variability of the trend highlights the
demand for practical measures to address water-related implications and adaptation strategies in Leh, particularly

in rural areas.

Table 2: Statistical outcomes of annual and seasonal precipitation

Climatic variable Precipitation

Spring Summer Autumn Winter Annual
Minimum 0.00 0.00 0.00 0.80 15.49
Maximum 464.44 801.77 367.44 495.93 1765.22
Mean 126.24 147.80 65.32 118.58 461.73
SD 168.5 210.5 83.8 141.6 537.19
CcVv 8133.0 6395.3 2136.5 7411.2 1.16
Slope of Innovative trend -3.50* -2.03* -0.05 -2.29* -2.45*
Percent Bias (%) 70.01 40.45 1.07 45.77 49.00
Innovative trend pattern # # H # #

* Statistically significant trends at the 95% confidence level
# Monotonic decreasing trends
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Figure 6: Annual and seasonal precipitation over 1990 to 2020

4. Discussion

The application of innovative trend analysis (ITA) method exhibited significant trends in both seasonal and annual
precipitation in the study region (Figure 4 and Figure 5). The results show that the region is experiencing a decreas-
ing trend in precipitation across the year, suggesting a shift in precipitation patterns over time. Statistically signif-
icant monotonic decreasing trends dominate the seasonal scale in spring, summer, and winter, with the highest
decline observed in spring. The annual precipitation also shows significant declining trend in precipitation, sug-
gesting a long-term dry condition. Among the four seasons, summer and spring shows significant declines, with
slopes of —2.03 mm/year and —3.50 mm/year respectively, both statistically significant at the 95% confidence level.
The high percent bias values in spring (70.01%) and summer (40.45%) support the degree of deviation from the
baseline mean, signaling increasing unpredictability in seasonal precipitation. The winter also shows a significant
decreasing trend (-2.29 mm/year) in precipitation, which could have major implications for accumulation of snow
and availability of irrigation water during sowing season of May and June (Tuladhar et al. 2023; Kumar and Saizen,
2023; Namgyal et al. 2025; Paljor and Murari, 2022). Shafiq et al. (2016) studied the precipitation pattern change
from 1901 to 2000 and reported distinct trends compared to our findings, they found a negative trend in summer
precipitation and positive trend in late winters precipitation which is not the case in our study, the differences could
be the results of application of different methods of analysis and scale of study period. However, the results of
present study align with previous studies, such as Chevuturi et al. (2018); Angmo and Mishra (2009); Ahmad et
al., (2018), they also observed declining trend in precipitation in the study region. Chevuturi et al. (2018) employed

many datasets to compare the monthly and daily precipitation trends. They observed varied precipitation trend
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among the datasets and interpreted that there was a decline in precipitation before 1970s and increase in precipita-
tion after 1970s till 1995 and again declining precipitation after 1995 to 2012. Angmo and Mishra (2009) analyzed
the meteorological data of the Leh town from 1973 to 2008 and observed declining trend in precipitation from
November to March, they also validated the results from the local communities. The results of Angmo and Mishra
(2009) align particularly with our results of decline in precipitation in winter and spring season. The decline in
winter precipitation was also reported by Vinod and Mahesha (2024). Singh and Bhatla (2024) studied precipitation
change in the region across nine decades and three tricades and found decreasing trend in precipitation from 1962
to 1991 and 1992 to 2021, which is similar to the results on decreasing trend in precipitation from 1990 to 2020.
The decrease in precipitation in the region particularly during winter and spring seasons can have broader implica-
tions for water resources and livelihood of the communities, since the local population are solely depended on snow
and glacier melt water for irrigation. Artificial glaciers and community-based water managements strategies need
to be strengthened to minimize the negative implications of water shortages (Paljor et al., 2022; Muller et al., 2020;
Namgyal and Sarkar, 2023; Namgyal et al., 2025). While ITA has showed both monotonic and non-monotonic
trends, limitations still remain. The analysis relies solely on gridded datasets, (0.25x0.25 degree) which can be
improved with higher resolution datasets, which may not fully represent the variability, especially in topograph-
ically diverse landscapes of Leh region. Additionally, no station data were analysed and compared, which may
further clarify the observed changes in precipitation. Future research should focus on integrating station datasets

and examining correlations with atmospheric drivers and runoff modelling.

5. Conclusions

Significant monotonic decreasing trends were found in spring, summer, and winter, while autumn showed a non-
monotonic decreasing trend. The annual trend, though statistically significant, displayed subtle nonlinearity, indi-
cating occasional deviations from the broader drying trend. the observed decline in precipitation particularly in
critical growing and recharge seasons demands for the integration of these trends into regional water management
strategies, agricultural planning, and climate adaptation policies. In future research should incorporate station spa-
tial datasets, explore relationships with atmospheric circulation indices, and integrate socio-ecological vulnerability

assessments to support the climate resilience planning in the region.
6. Key takeaways for stakeholders
e The precipitation in the region is steadily decreasing threatening water security and subsistence agriculture.

e The policy makers and stakeholders must act on early signals of climate stress, particularly in regions where

communities are dependent on snow-dependent.

Author Contributions:

P. N.; Writing — original draft, Software, Methodology, S. S.; Writing — review & editing, Investigation, R. K.; Writing —

review & editing. Supervision.



NEPT

13 of 19

Funding:
The authors did not receive financial support from any organization for this submitted work.
Acknowledgments:

Authors would like to thank India Meteorological Department (IMD) for providing meteorological data for this research.

Conflicts of Interest:

The authors declare no conflicts of interest.

REFERENCES

Addisu, S., Selassie, Y. G., Fissha, G., & Gedif, B. (2015). Time series trend analysis of temperature and rainfall in lake Tana
Sub-basin, Ethiopia. Environmental Systems Research, 4, 1-12. https://doi.org/10.1186/s40068-015-0051-0

Ahmad, I., Zhang, F., Tayyab, M., Anjum, M. N., Zaman, M., Liu, J., ... & Saddique, Q. (2018). Spatiotemporal analysis of
precipitation variability in annual, seasonal and extreme values over upper Indus River basin. Atmospheric Research, 213,
346-360. https://doi.org/10.1016/j.atmosres.2018.06.019

Ahmad, L., Parvaze, S., Sheraz Mahdi, S., & Kanth, R. H. (2019). Climate scenario in cold arid region and its future

prediction. Climate change and agriculture in India: impact and adaptation, 239-250. https://doi.org/10.1007/978-3-319-
90086-5 19
Ahmad, L., Parvaze, S., Sheraz Mahdi, S., Kanth, R. H., & Dhekale, B. S. (2019). Scenario of Crop Production in Temperate

and Cold Arid Region with Respect to Climate Change. Climate Change and Agriculture in India: Impact and Adaptation,
229-237. https://doi.org/10.1007/978-3-319-90086-5 18
Ahmed, R., Saleem, S., Shamim, T., Javaid, S., Malik, I.H., Rather, A.F., Wani, G.F., Bhat, A. and Wani, T.A., 2025. Assessing

the Climate Change Impacts in the Jhelum Basin of North-Western Himalayas. Nature Environment and Pollution
Technology, 24(S1), pp.175-185. 10.46488/NEPT.2024.v24iS1.012

Ahsan, S., Bhat, M. S., Alam, A., Farooq, H., & Shiekh, H. A. (2022). Evaluating the impact of climate change on extreme
temperature  and  precipitation events over the Kashmir Himalaya. Climate = Dynamics, 1-19.
https://doi.org/10.1007/s00382-021-05984-6

Ali, R., Kuriqi, A., Abubaker, S., & Kisi, O. (2019). Long-term trends and seasonality detection of the observed flow in

Yangtze River using Mann-Kendall and Sen’s innovative trend method. Water, 11(9),  1855.
https://doi.org/10.3390/w11091855

Angmo, T., & Mishra, S. (2009). Impacts of climate change in Ladakh and Lahaul & Spiti of the western Himalayan
region. Energy and climate change in cold regions of Asia, 51-54.

Arab Amiri, M., & Goci¢, M. (2021). Innovative trend analysis of annual precipitation in Serbia during 1946—
2019. Environmental Earth Sciences, 80(23), 777.

Asfaw, A., Simane, B., Hassen, A., & Bantider, A. (2018). Variability and time series trend analysis of rainfall and temperature
in northcentral Ethiopia: A case study in Woleka sub-basin. Weather and climate extremes, 19, 29-41.

https://doi.org/10.1016/j.wace.2017.12.002



https://doi.org/10.1186/s40068-015-0051-0
https://doi.org/10.1016/j.atmosres.2018.06.019
https://doi.org/10.1007/978-3-319-90086-5_19
https://doi.org/10.1007/978-3-319-90086-5_19
https://doi.org/10.1007/978-3-319-90086-5_18
https://doi.org/10.1007/s00382-021-05984-6
https://doi.org/10.3390/w11091855
https://doi.org/10.1016/j.wace.2017.12.002

NEPT 14 of 19

Aziz, J. J., Ling, M., Rifai, H. S., Newell, C. J., & Gonzales, J. R. (2003). MAROS: A decision support system for optimizing
monitoring plans. Groundwater, 41(3), 355-367. https://doi.org/10.1111/j.1745-6584.2003.tb02605.x
Baig, M. R. |, Shahfahad, Naikoo, M. W., Ansari, A. H., Ahmad, S., & Rahman, A. (2021). Spatio-temporal analysis of

precipitation pattern and trend using standardized precipitation index and Mann—Kendall test in coastal Andhra

Pradesh. Modeling Earth Systems and Environment, 1-20. https://doi.org/10.1007/s40808-021-01262-w

Barrett, K., & Bosak, K. (2018). The role of place in adapting to climate change: A case study from Ladakh, Western
Himalayas. Sustainability, 10(4), 898. https://doi.org/10.3390/su10040898

Barua, S., Muttil, N., Ng, A. W. M., & Perera, B. J. C. (2013). Rainfall trend and its implications for water resource
management within the Yarra River catchment, Australia. Hydrological Processes, 27(12), 1727-1738.

https://doi.org/10.1002/hyp.9311

Basarir, A., Arman, H., Hussein, S., Murad, A., Aldahan, A., & Al-Abri, M. A. (2018). Trend detection in annual temperature
and precipitation using Mann—Kendall test—a case study to assess climate change in Abu Dhabi, United Arab Emirates.
In Proceedings of 3rd International Sustainable Buildings Symposium (ISBS 2017) Volume 2 3 (pp. 3-12). Springer
International Publishing. https://doi.org/10.1007/978-3-319-64349-6 1

Bhan, S. C., Devrani, A. K., & Sinha, V. (2015). An analysis of monthly rainfall and the meteorological conditions associated
with cloudburst over the dry region of Leh (Ladakh), India. Mausam, 66(1), 107-122.
Caloiero, T. (2020). Evaluation of rainfall trends in the South Island of New Zealand through the innovative trend analysis

(ITA). Theoretical and Applied Climatology, 139(1), 493-504. https://doi.org/10.1007/s00704-019-02988-5

Caloiero, T., Coscarelli, R., & Ferrari, E. (2018). Application of the innovative trend analysis method for the trend analysis of
rainfall anomalies in southern Italy. Water Resources Management, 32, 4971-4983. https://doi.org/10.1007/s11269-018-
2117-z

Carter, T. R., Benzie, M., Campiglio, E., Carlsen, H., Fronzek, S., Hildén, M., ... & West, C. (2021). A conceptual framework

for cross-border impacts of  climate change. Global Environmental Change, 69, 102307.
https://doi.org/10.1016/j.gloenvcha.2021.102307

Chevuturi, A., Dimri, A. P., & Thayyen, R. J. (2018). Climate change over Leh (Ladakh), India. Theoretical and Applied
Climatology, 131, 531-545. https://doi.org/10.1007/s00704-016-1989-1

Da Silva, R. M., Santos, C. A., Moreira, M., Corte-Real, J., Silva, V. C., & Medeiros, I. C. (2015). Rainfall and river flow

trends using Mann-Kendall and Sen’s slope estimator statistical tests in the Cobres River basin. Natural Hazards, 77,
1205-1221. https://doi.org/10.1007/s11069-015-1644-7

Das, J., & Bhattacharya, S. K. (2018). Trend analysis of long-term climatic parameters in Dinhata of Koch Bihar district, West
Bengal. Spatial Information Research, 26, 271-280. https://doi.org/10.1007/s41324-018-0173-3

Das, J., Mandal, T., Rahman, A. S., & Saha, P. (2021). Spatio-temporal characterization of rainfall in Bangladesh: an
innovative trend and discrete wavelet transformation approaches. Theoretical and Applied Climatology, 143(3), 1557-
1579. https://doi.org/10.1007/s00704-020-03508-6

Etukudoh, E. A., llojianya, V. I., Ayorinde, O. B., Daudu, C. D., Adefemi, A., & Hamdan, A. (2024). Review of climate change

impact on water availability in the USA and Africa. International Journal of Science and Research Archive, 11(1), 942-

951. https://doi.org/10.30574/ijsra.2024.11.1.0169



https://doi.org/10.1111/j.1745-6584.2003.tb02605.x
https://doi.org/10.1007/s40808-021-01262-w
https://doi.org/10.3390/su10040898
https://doi.org/10.1002/hyp.9311
https://doi.org/10.1007/978-3-319-64349-6_1
https://doi.org/10.1007/s00704-019-02988-5
https://doi.org/10.1007/s11269-018-2117-z
https://doi.org/10.1007/s11269-018-2117-z
https://doi.org/10.1016/j.gloenvcha.2021.102307
https://doi.org/10.1007/s00704-016-1989-1
https://doi.org/10.1007/s11069-015-1644-7
https://doi.org/10.1007/s41324-018-0173-3
https://doi.org/10.1007/s00704-020-03508-6
https://doi.org/10.30574/ijsra.2024.11.1.0169

NEPT 15 of 19

Gajbhiye, S., Meshram, C., Mirabbasi, R., & Sharma, S. K. (2016). Trend analysis of rainfall time series for Sindh river basin
in India. Theoretical and applied climatology, 125, 593-608. https://doi.org/10.1007/s00704-015-1529-4

Gao, F., Wang, Y., Chen, X., & Yang, W. (2020). Trend analysis of rainfall time series in Shanxi Province, Northern China
(1957-2019). Water, 12(9), 2335. https://doi.org/10.3390/w12092335

Gautam, M. R., Timilsina, G. R., & Acharya, K. (2013). Climate change in the Himalayas: current state of knowledge. World
Bank Policy Research Working Paper, (6516).

Gocic, M., & Trajkovic, S. (2013). Analysis of changes in meteorological variables using Mann-Kendall and Sen's slope
estimator statistical tests in Serbia. Global and planetary change, 100, 172-182.
https://doi.org/10.1016/j.gloplacha.2012.10.014

Gondhalekar, D., Nussbaum, S., Akhtar, A., & Kebschull, J. (2015). Planning under uncertainty: climate change, water scarcity
and health issues in Leh town, Ladakh, India. Sustainable Water Use and Management: Examples of New Approaches

and Perspectives, 293-312. https://doi.org/10.1007/978-3-319-12394-3 16

Gumus, V., Avsaroglu, Y., & Simsek, O. (2022). Streamflow trends in the Tigris river basin using Mann— Kendall and
innovative trend analysis methods. Journal of Earth System Science, 131(1), 34. https://doi.org/10.1007/s12040-021-
01770-4

Hagedorn, F., Gavazov, K., & Alexander, J. M. (2019). Above-and belowground linkages shape responses of mountain

vegetation to climate change. Science, 365(6458), 1119-1123. https://doi.org/10.1126/science.aax4737

Hug, N., Hugé, J., Boon, E., & Gain, A. K. (2015). Climate change impacts in agricultural communities in rural areas of coastal
Bangladesh: A tale of many stories. Sustainability, 7(7), 8437-8460. https://doi.org/10.3390/su7078437
IPCC, 2014: Climate Change 2014: Synthesis Report. Contribution of Working Groups I, Il and 111 to the Fifth Assessment

Report of the Intergovernmental Panel on Climate Change [Core Writing Team, R.K. Pachauri and L.A. Meyer (eds.)].
IPCC, Geneva, Switzerland, 151 pp.

Jaiswal, R. K., Lohani, A. K., & Tiwari, H. L. (2015). Statistical analysis for change detection and trend assessment in
climatological parameters. Environmental Processes, 2, 729-749. https://doi.org/10.1007/s40710-015-0105-3

Juyal, N. (2014). Ladakh: the high-altitude Indian cold desert. Landscapes and landforms of India, 115-124.
https://doi.org/10.1007/978-94-017-8029-2 10

Kendall, M.G., 1975. Rank Correlation Methods. Griffin, London, UK.

Kessabi, R., Hanchane, M., Krakauer, N. Y., Aboubi, I., El Kassioui, J., & El Khazzan, B. (2022). Annual, Seasonal, and

Monthly Rainfall Trend Analysis through Non-Parametric Tests in the Sebou River Basin (SRB), Northern
Morocco. Climate, 10(11), 170. https://doi.org/10.3390/cli10110170

Khalifeloo, M. H., Mohammad, M., & Heydari, M. (2015). Application of different statistical methods to recover missing
rainfall data in the Klang River catchment. International Journal of Innovation in Science and Mathematics, 3, 2347-9051.

Khan, K. A., Chattopadhyay, A., & Huriya, C. C. Z. (2024). Experience of Climate Change and Adaptation in Daily Living:
Evidence from the Suru Valley of Ladakh Region. In Climate Change, Vulnerabilities and Adaptation: Understanding
and Addressing Threats with Insights for Policy and Practice (pp. 343-358). Cham: Springer Nature Switzerland.
https://doi.org/10.1007/978-3-031-49642-4 19



https://doi.org/10.1007/s00704-015-1529-4
https://doi.org/10.3390/w12092335
https://doi.org/10.1016/j.gloplacha.2012.10.014
https://doi.org/10.1007/978-3-319-12394-3_16
https://doi.org/10.1007/s12040-021-01770-4
https://doi.org/10.1007/s12040-021-01770-4
https://doi.org/10.1126/science.aax4737
https://doi.org/10.3390/su7078437
https://doi.org/10.1007/s40710-015-0105-3
https://doi.org/10.1007/978-94-017-8029-2_10
https://doi.org/10.3390/cli10110170
https://doi.org/10.1007/978-3-031-49642-4_19

NEPT 16 of 19

Kohler, T., Wehrli, A., & Jurek, M. (2014). Mountains and climate chance. A global concern. Centre for Development and
Environment (CDE), Swiss Agency for Development and Cooperation (SDC) and Geographica Bernensia.
http://dx.doi.org/10.7892/boris.61540

Komiiscii, A. U., & Aksoy, M. (2023). Long-term spatio-temporal trends and periodicities in monthly and seasonal
precipitation in Turkey. Theoretical and Applied Climatology, 151(3), 1623-1649. https://doi.org/10.1007/s00704-022-
04349-1

Kumar, A,, Giri, R. K., Taloor, A. K., & Singh, A. K. (2021). Rainfall trend, variability and changes over the state of Punjab,
India 1981-2020: A geospatial approach. Remote Sensing Applications: Society and Environment, 23, 100595.
https://doi.org/10.1016/j.rsase.2021.100595.

Kumar, P., Shah, D., Singh, S., Kumar, R., Kumar, R., Kumar, N., ... & Tarig, M. (2024). Impact of Changing Climate on the

Cryospheric Region and Glacier Retreat in the Himalayan Region. In Climate Change and Human Adaptation in India:
Sustainability and Public Policy (pp. 27-47). Cham: Springer Nature Switzerland.

Kumar, T., & Saizen, I. (2023). Hydrosocial territories in transition: Implications of traditional agricultural and irrigation water
management practices under the effects of social, institutional, and environmental changes in Ladakh,

India. Environmental Development, 47, 100880. https://doi.org/10.1016/j.envdev.2023.100880

Kumar, T., & Saizen, I. (2023). Hydrosocial territories in transition: Implications of traditional agricultural and irrigation water
management practices under the effects of social, institutional, and environmental changes in Ladakh,
India. Environmental Development, 47, 100880.

Longobardi, A., & Villani, P. (2010). Trend analysis of annual and seasonal rainfall time series in the Mediterranean
area. International journal of Climatology, 30(10), 1538-1546. https://doi.org/10.1002/joc.2001

Mallick, J., Talukdar, S., Almesfer, M. K., Alsubih, M., Ahmed, M., & Islam, A. R. M. T. (2022). Identification of rainfall

homogenous regions in Saudi Arabia for experimenting and improving trend detection techniques. Environmental
Science and Pollution Research, 29(17), 25112-25137. https://doi.org/10.1007/s11356-021-17609-w
Mallick, J., Talukdar, S., Alsubih, M., Salam, R., Ahmed, M., Kahla, N. B., & Shamimuzzaman, M. (2021). Analysing the

trend of rainfall in Asir region of Saudi Arabia using the family of Mann-Kendall tests, innovative trend analysis, and
detrended fluctuation analysis. Theoretical and Applied Climatology, 143, 823-841. https://doi.org/10.1007/s00704-020-
03448-1

Mandal, T., Sarkar, A., Das, J., Rahman, A. S., & Chouhan, P. (2021). Comparison of classical Mann—Kendal test and graphical

innovative trend analysis for analyzing rainfall changes in India. In India: Climate Change Impacts, Mitigation and
Adaptation in  Developing  Countries (pp.  155-183). Cham:  Springer  International  Publishing.
https://doi.org/10.1007/978-3-030-67865-4 7

Mann, H.B., 1945. Nonparametric tests against trend. Econometrica 13, 245-259
Masson-Delmotte, V., Zhai, P., Pértner, H. O., Roberts, D., Skea, J., & Shukla, P. R. (2022). Global Warming of 1.5 C: IPCC
special report on impacts of global warming of 1.5 C above pre-industrial levels in context of strengthening response to

climate change, sustainable development, and efforts to eradicate poverty. Cambridge University Press.


http://dx.doi.org/10.7892/boris.61540
https://doi.org/10.1007/s00704-022-04349-1
https://doi.org/10.1007/s00704-022-04349-1
https://doi.org/10.1016/j.rsase.2021.100595
https://doi.org/10.1016/j.envdev.2023.100880
https://doi.org/10.1002/joc.2001
https://doi.org/10.1007/s11356-021-17609-w
https://doi.org/10.1007/s00704-020-03448-1
https://doi.org/10.1007/s00704-020-03448-1
https://doi.org/10.1007/978-3-030-67865-4_7

NEPT 17 of 19

Maurya, S., Rai, S. K., Sharma, C. P., Rawat, S., Chandana, K. R., Dhabi, A. J., ... & Sarangi, S. (2022). Paleo-vegetation and
climate variability during the last three millennia in the Ladakh, Himalaya. Catena, 217, 106500.
https://doi.org/10.1016/j.catena.2022.106500

Meshram, S. G., Singh, V. P., & Meshram, C. (2017). Long-term trend and variability of precipitation in Chhattisgarh State,
India. Theoretical and Applied Climatology, 129, 729-744. https://doi.org/10.1007/s00704-016-1804-z

Mirg, J. J., Caselles, V., & Estrela, M. J. (2017). Multiple imputation of rainfall missing data in the Iberian Mediterranean
context. Atmospheric research, 197, 313-330. https://doi.org/10.1016/j.atmosres.2017.07.016

Monreal, M., & Stotter, J. (2014). Adaptation to climate change in mountain regions: Global significance of marginal
places. Impact of global changes on mountains: Responses and adaptation, 139-154.

Moshfika, M., Biswas, S., & Mondal, M. S. (2022). Assessing groundwater level declination in Dhaka city and identifying
adaptation options for sustainable water supply. Sustainability, 14(3), 1518. https://doi.org/10.3390/su14031518

Maller, J., Dame, J., & Nusser, M. (2020). Urban mountain waterscapes: The transformation of hydro-social relations in the
Trans-Himalayan town Leh, Ladakh, India. Water, 12(6), 1698.

Namgyal, P., & Sarkar, S. (2023). Comparative livelihood vulnerability assessment of villages to climate change in high-
altitude cold desert, Ladakh, India. Environment, Development and Sustainability, 1-23.

Namgyal, P., Sarkar, S., & Kumar, R. (2025). Vulnerability assessment of rural households to climate change using livelihood
vulnerability framework approach in the trans-Himalayan region of Ladakh, India. Anthropocene, 100467.

Norphel, C., & Tashi, P. (2015). Snow water harvesting in the cold desert in Ladakh: An introduction to artificial
glacier. Mountain hazards and disaster risk reduction, 199-210. https://doi.org/10.1007/978-4-431-55242-0 11

Norris, J., Carvalho, L. M., Jones, C., & Cannon, F. (2020). Warming and drying over the central Himalaya caused by an
amplification of local mountain  circulation. Npj  Climate and  Atmospheric ~ Science, 3(1), 1.
https://doi.org/10.1038/s41612-019-0105-5

Nusser, M., Dame, J., Kraus, B., Baghel, R., & Schmidt, S. (2019). Socio-hydrology of “artificial glaciers” in Ladakh, India:

assessing adaptive strategies in a changing cryosphere. Regional Environmental Change, 19, 1327-1337.
https://doi.org/10.1007/s10113-018-1372-0
Paljor, A. T., & Murari, K. K. (2022, August). Issues and Challenges of Small-Town Water Supply and Distribution: A Case

Study of Leh Town in UT Ladakh. In International Conference on Trends and Recent Advances in Civil Engineering (pp.
119-128). Singapore: Springer Nature Singapore.

Paljor, A. T., & Murari, K. K. (2022, August). Issues and Challenges of Small-Town Water Supply and Distribution: A Case
Study of Leh Town in UT Ladakh. In International Conference on Trends and Recent Advances in Civil Engineering (pp.
119-128). Singapore: Springer Nature Singapore.

Pant, G. B., Kumar, P. P., Revadekar, J. V., & Singh, N. (2018). Climate change in the Himalayas. Cham, Switzerland: Springer
International Publishing. https://doi.org/10.1007/978-3-319-61654-4

Pastagia, J. H., & Mehta, D. J. (2023). Long term trend analysis on precipitation in Ajmer District of Rajasthan State,
India. International Journal of Hydrology Science and Technology, 16(4), 409-421.
https://doi.org/10.1504/IJHST.2023.134624



https://doi.org/10.1016/j.catena.2022.106500
https://doi.org/10.1007/s00704-016-1804-z
https://doi.org/10.1016/j.atmosres.2017.07.016
https://doi.org/10.3390/su14031518
https://doi.org/10.1007/978-4-431-55242-0_11
https://doi.org/10.1038/s41612-019-0105-5
https://doi.org/10.1007/s10113-018-1372-0
https://doi.org/10.1007/978-3-319-61654-4
https://doi.org/10.1504/IJHST.2023.134624

NEPT 18 of 19

Poddar, D., Mandal, T., & Das, J. (2023). Spatio-Temporal Changes of Rainfall Pattern Under Changing Climate in West
Bengal, India. In Climate Change, Agriculture and Society: Approaches Toward Sustainability (pp. 15-36). Cham:
Springer International Publishing. https://doi.org/10.1007/978-3-031-28251-5 2

Pranto, A.M., Aziz, U.l., Das, L.C., Ghosh, S. and Islam, A., 2024. Forecasting Precipitation Using a Markov Chain Model in

the Coastal Region in Bangladesh. Nature Environment &  Pollution  Technology, 23(4).
10.46488/NEPT.2024.v23i04.024
PZ, S., & KV, J. (2021). Comparative study of innovative trend analysis technique with Mann-Kendall tests for extreme

rainfall. Arabian Journal of Geosciences, 14, 1-15. https://doi.org/10.1007/s12517-021-06906-w

Rasul, G., Pasakhala, B., Mishra, A., & Pant, S. (2020). Adaptation to mountain cryosphere change: issues and
challenges. Climate and Development, 12(4), 297-309. https://doi.org/10.1080/17565529.2019.1617099
Sant, D. A., Wadhawan, S. K., Ganjoo, R. K., Basavaiah, N., Sukumaran, P., & Bhattacharya, S. (2011). Morphostratigraphy

and palaeoclimate appraisal of the Leh valley, Ladakh Himalayas, India. Journal of the Geological Society of India, 77,

499-510. https://doi.org/10.1007/s12594-011-0057-9

Sayemuzzaman, M., & Jha, M. K. (2014). Seasonal and annual precipitation time series trend analysis in North Carolina,

United States. Atmospheric Research, 137, 183-194. https://doi.org/10.1016/j.atmosres.2013.10.012

Sen, P.K., 1968. Estimates of the regression coefficient based on Kendall's tau. Journal of the American Statistical Association
63, 1379-1389 http://links.jstor.org/sici?sici=0162-
1459%28196812%2963%3A324%3C1379%3AEOTRCB%3E2.0.CO%3B2-A

Sen, Z. (2012). Innovative trend analysis methodology. Journal of Hydrologic Engineering, 17(9), 1042-1046.
https://doi.org/10.1061/(ASCE)HE.1943-5584.0000556
Shafigq, M. U., Bhat, M. S., Rasool, R., Ahmed, P., Singh, H., & Hassan, H. (2016). Variability of precipitation regime in

Ladakh region of India from 1901-2000.Journal of Climatology & Weather Forecasting, 4(2), 165.
http://dx.doi.org/10.4172/2332-2594.1000165
Shaheen, F. A., Wani, M. H., Wani, S. A., & Norphel, C. (2013). Climate change impact in cold arid desert of North-Western

Himalaya: Community based adaptations and mitigations. In Knowledge systems of societies for adaptation and
mitigation of impacts of climate change (pp. 239-256). Berlin, Heidelberg: Springer Berlin Heidelberg.
https://doi.org/10.1007/978-3-642-36143-2_15

Shree, S., & Kumar, M. (2018). Analysis of seasonal and annual rainfall trends for Ranchi district, Jharkhand,

India. Environmental Earth Sciences, 77(19), 693. https://doi.org/10.1007/s12665-018-7884-6

Singh, R. N., Sah, S., Das, B., Potekar, S., Chaudhary, A., & Pathak, H. (2021). Innovative trend analysis of spatio-temporal
variations of rainfall in India during 1901-2019. Theoretical and Applied Climatology, 145(1), 821-838.
https://doi.org/10.1007/s00704-021-03657-2.

Singh, S., Kumar, R., Bhardwaj, A., Sam, L., Shekhar, M., Singh, A., ... & Gupta, A. (2016). Changing climate and glacio-

hydrology in Indian Himalayan Region: a review. Wiley Interdisciplinary Reviews: Climate Change, 7(3), 393-410.
Singh, R., & Bhatla, R. (2024). Assessment of rainfall variability in Ladakh amidst evolving climate. Natural Hazards, 1-25.
Thayyen, R. J., Dimri, A. P., Kumar, P., & Agnihotri, G. (2013). Study of cloudburst and flash floods around Leh, India, during

August 4-6, 2010. Natural hazards, 65, 2175-2204. https://doi.org/10.1007/s11069-012-0464-2



https://doi.org/10.1007/978-3-031-28251-5_2
https://doi.org/10.1007/s12517-021-06906-w
https://doi.org/10.1080/17565529.2019.1617099
https://doi.org/10.1007/s12594-011-0057-9
https://doi.org/10.1016/j.atmosres.2013.10.012
http://links.jstor.org/sici?sici=0162-1459%28196812%2963%3A324%3C1379%3AEOTRCB%3E2.0.CO%3B2-A
http://links.jstor.org/sici?sici=0162-1459%28196812%2963%3A324%3C1379%3AEOTRCB%3E2.0.CO%3B2-A
https://doi.org/10.1061/(ASCE)HE.1943-5584.0000556
http://dx.doi.org/10.4172/2332-2594.1000165
https://doi.org/10.1007/978-3-642-36143-2_15
https://doi.org/10.1007/s12665-018-7884-6
https://doi.org/10.1007/s00704-021-03657-2
https://doi.org/10.1007/s11069-012-0464-2

NEPT 19 of 19

Tosunoglu, F., & Kisi, O. (2017). Trend analysis of maximum hydrologic drought variables using Mann—Kendall and Sen's
innovative trend method. River Research and Applications, 33(4), 597-610. https://doi.org/10.1002/rra.3106
Tuladhar, S., Hussain, A., Baig, S., Ali, A., Soheb, M., Angchuk, T., ... & Shrestha, A. B. (2023). Climate change, water and

agriculture linkages in the upper Indus basin: A field study from Gilgit-Baltistan and Leh-Ladakh. Frontiers in

Sustainable Food Systems, 6, 1012363. https://doi.org/10.3389/fsufs.2022.1012363

Vinod, D., & Mahesha, A. (2024). Large-scale atmospheric teleconnections and spatiotemporal variability of extreme rainfall

indices across India. Journal of Hydrology, 628, 130584. https://doi.org/10.1016/j.jhydrol.2023.130584

Wang, Y., Xu, Y., Tabari, H., Wang, J., Wang, Q., Song, S., & Hu, Z. (2020). Innovative trend analysis of annual and seasonal
rainfall  in  the  Yangtze River Delta, eastern  China. Atmospheric  Research, 231,  104673.
https://doi.org/10.1016/j.atmosres.2019.104673

Wani, J. M., Thayyen, R. J., Gruber, S., Ojha, C. S. P., & Stumm, D. (2020). Single-year thermal regime and inferred
permafrost occurrence in the upper Ganglass catchment of the cold-arid Himalaya, Ladakh, India. Science of the total
environment, 703, 134631. https://doi.org/10.1016/j.scitotenv.2019.134631

Wieder, W. R., Kennedy, D., Lehner, F., Musselman, K. N., Rodgers, K. B., Rosenbloom, N., ... & Yamaguchi, R. (2022).

Pervasive alterations to snow-dominated ecosystem functions under climate change. Proceedings of the National

Academy of Sciences, 119(30), €2202393119. https://doi.org/10.1073/pnas.2202393119



https://doi.org/10.1002/rra.3106
https://doi.org/10.3389/fsufs.2022.1012363
https://doi.org/10.1016/j.jhydrol.2023.130584
https://doi.org/10.1016/j.atmosres.2019.104673
https://doi.org/10.1016/j.scitotenv.2019.134631
https://doi.org/10.1073/pnas.2202393119

