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Abstract

Mountains over the world are considered as the indicators of climate change. The
Himalayas is comprised of five ranges viz., Pir Panjal, Great Himalayas, Zanskar, Ladhak and
Karakorum. Ladakh region lies in the northern most state of India, Jammu and Kashmir, in the
Ladhak range. It has a unique cold-arid climate and lies immediately south of the Karakorum
range. With scarce water resources, such regions show high sensitivity and vulnerability to the
change in climate, and need urgent attention. The objective of this study is to understand the
climate of the Ladakh region and to characterize its changing climate. Using different
temperature and precipitation datasets over Leh and surrounding regions, we statistically analyze
the current trends of climatic patterns over the region. The study shows that the climate over Leh
shows a warming trend with reduced precipitation in the current decade. The reduced average
seasonal precipitation might also be associated with some indications of reducing number of
days with higher precipitation amounts over the region.
1. Introduction

The Himalayas are the highest mountain range/landmass of the world. This region is
characterized by a complex topography and varied land-cover/land-use patterns. It has a

significant influence on the weather and climatic patterns over the south Asian region (Kumar et



al., 1999; Day and Bhanu Kumar, 1982). The Himalayan glaciers are storehouse of water and
replenish the mountain rivers (Bookhagen and Burbank, 2010; Immerzeel, 2010, 2013; Kaser et
al 2010). Himalayas influence climate at global, regional, local and micro scales and in turn the
climate at all four scales impacts the Himalayan climate itself (Dimri and Niyogi, 2012). All of
these factors combined, the changes occurring over the Himalayas have major impact on the
climatology, hydrology and ecology of the Indian region.

Heterogeneous topography is a characteristic feature of mountainous regions and shows
large variety of climatic conditions over a comparatively smaller gradient (Bhutiyani et al.,
2007). Amplified variations in temperature and precipitation patterns are noted in such regions
(Jhajharia and Singh, 2011). As these regions are most vulnerable to climate change (IPCC,
2007), they are used as indicators of change with focus on trends and consequences (UNEP,
2009). Higher sensitivity of mountainous regions towards the impacts of extreme variation in the
climate makes such studies even more important.

Climate change is the one of the most debated topic in the recent decades. The causes of
global warming trends are associated with the increase in green house gases and aerosols along
with the changes in land cover and land use patterns (Bhutiyani et al., 2010; IPCC, 2013). Over
the Himalayan region, changes in temperature and precipitation patterns and it impacts on water
resources, glaciers, ecology and agriculture etc. are being attributed to the changing climate
(Dimri and Dash, 2012; Shekhar et al., 2010). Different studies pertaining to climate change in
the Himalayas have published dissimilar results. While Bhutiyani et al. (2007) and Dash et al.
(2007) suggest increasing annual temperature trends, Yadav et al. (2004) show a pre-monsoon
cooling. Trends in winter temperature are noted by Dimri and Dash (2012); Archer and Fowler

(2004) and Jhajharia and Singh (2011) suggest an increaeduring monsoon and post monsoon



seasons. However, as the Himalayas cover a vast spatial expanse therefore, its sub-regions
respond differently to the climate change.

Out of the many projected consequences, changes in the intensity and frequency of
extreme precipitation events are noted as an important impact (Shekhar et al., 2010). Yadav et al.
(2010) predicted increasing temperature and precipitation patterns with increasing greenhouse
gases and aerosol scenarios. With reference to extreme precipitation events, the Himalayas are
most vulnerable due to orographic impact on the monsoon circulation flow. In case of an extreme
event like a cloudburst, secondary impacts like flashfloods, glacier lake outburst flood and
landslides etc. cause major devastation over the region (Dimri et al. 2016; Thayyen et al., 2013).
This raises the question, are the extreme events increasing over the Himalayas due to the
changing climate? Dash et al. (2007) and Nandargi and Dhar (2011) suggested an increase in the
short duration high intensity precipitation events over the hilly regions of India. But with the
variable topographical sub-regions as discussed above, how prudent it is to study the Himalayas
as a whole? According to Bhutiyani et al. (2007) there is a clear non-uniformity of rates of
change of temperature due to the physiographic characteristics of sub-regions. Keeping these
factors in mind, the present study focuses on a Ladhak sub-region, the cold-arid region, of the
Indian western Himalayas. This region is considered a rain shadow zone during Indian summer
monsoon and Indian winter monsoon, with a low mean annual precipitation of 115mm at Leh
having cold temperatures (Thayyen et al., 2013). The area thus is cold and arid with lack of
vegetation as a prominent feature, and is termed as a cold desert (Kumar et al., 2012).

There are very few climate studies conducted over Ladakh/Leh (Le Masson and Nair,
2012). Bhutiyani et al. (2007) showed increasing temperature trends over Leh for the period of

1901-1989, with greater increase noted after 1960s. Precipitation trends show a decreasing trend



during winter and summer periods (Bhutiyani et al., 2010) with significant impact seen after
1990s. There is a need to analyze the precipitation trend over the years with specific emphasis on
the extreme events. Thus, this study proposes a detailed analysis of climate over the Leh region
and to further discuss its trend in the context of changing climate.

2. Study area

Present study is focused on the Ladakh region (Fig. S1a). Ladakh is a region bounded by
the Karakoram range in the north and the Great Himalayan range in the south (Fig. S1b). Within
its boundary it has two parallel ranges - the Ladakh range and Zanskar range - extending from
north-west to south-east with the Indus River flowing in between them.. Ladakh district has two
major cities, Leh and Kargil with Leh being the largest city. For a detailed topographical map of
Ladakh (Leh and Kargil) please visit http://www.lib.utexas.edu/maps/ams/india/ni-43-08.jpg
and http://www.lib.utexas.edu/maps/ams/india/ni-43-07.jpg respectively. In view of the recurring
cloudburst event over Leh region (Thayyen et al., 2013), this study proposes a detailed analysis
of climate patterns over the Leh region during the past few decades to comprehend the
occurrence and impact of climate change over Leh as a representation of the Ladakh region.

Leh (34°17°N and 77°58’E) is the district headquarter as well as the capital of Ladakh
Autonomous Hill Council in the state of Jammu and Kashmir, India. The city is situated in the
foothills of Ladakh range in the catchment of the Indus River and has an elevation of 3500 m
a.s.l.. The Indus valley is bound by Ladakh range in the north and Zanskar range in the south as
shown in the Fig. Sla and S1b.

3. Data and Methodology
To study the climatic features of a region the two main climatic variables recorded and

analyzed are temperature and precipitation. In this paper, a regional analysis is attempted by



taking advantage of the available in situ climate data at five stations covering a wide swath of the
Ladakh region. Table 1 shows the different datasets used in this study. For temperature analysis
eight different observational and reanalysis datasets have been used and described in detail in
Table 1a. The three global reanalysis datasets (CRU, NCEP and ERA-Interim) have been used to
derive the monthly mean temperature over Leh for the available time period as mentioned in
Table 1. In situ temperature observations over Ladakh region at Leh and four other stations, viz.,
Base, Kargil, Khalsi and Base Camp, are used in this study. The Leh station dataset is provided
by India Meteorological Department (IMD) for daily Maximum (Tmax, °C) and Minimum
Temperature (Tmin, °C). The other four stations data is of the Indian Air Force which provides
Maximum (Tmax, °C) and Minimum Temperature (Tmin, °C) as the annual pentad time series.
For precipitation analysis also eight different datasets are used, which are available as monthly
precipitation or daily precipitation (Table 1b). In addition, gridded observational and reanalysis
datasets for precipitation are described in detail in the Table 1b. The daily precipitation datasets
are used to derive the monthly precipitation for those respective datasets. Other than these, India
Meteorological Department (IMD) station data for Leh provides daily precipitation and Indian
Air Force station data for Leh provides monthly precipitation is used. Seasonal time series has
also been compiled from the daily and monthly datasets to get winter (December-January-
February-March: DJFM), pre-monsoon (April-May-June: AMJ), monsoon (June-July-August:
JJA) and post-monsoon (October-November: ON) data.

For analyzing the inter-annual, inter-seasonal and intra-annual climatic fluctuations in
different datasets, various statistical tools have been implemented. As mentioned before, the
daily datasets are used to derive the mean monthly values which further used to derive mean

annual values. These have been calculated as the simple mean or average (). Another important



statistical function defining the spread or the variability of a dataset is the standard deviation (o)
which is the square root of the variance. Degree of variation between datasets is defined by the
coefficient of variation (&) which is also called the relative standard deviation. Further, as there is
an inherent variation between different datasets, a method for standardization or normalization is
required when studying the climate of a region with different datasets. A standardized anomaly
(©) time series does not have the influences of variation between datasets and does not provide
clearer information of the magnitude of the variation. Such time series has individual deviations
within a time series that are divided by the standard deviation. Mean of such a standardized
anomaly time series is 0; and 1 standard deviation is 1 itself. The formulas of the statistical

functions used in the study are listed below:
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where:
Xi = observed value n = number of values in a dataset
K = simple mean/average of the dataset o = standard deviation
¢ = coefficient of variation { = standardized anomaly

Further, for the analysis of trends within the datasets, a non-parametric statistical test, the
Mann-Kendall trend test (Mann, 1945; Kendall, 1975) has been used. This test detects the
significant trends in the time series by analyzing the correlation between ranks within dataset
values and the time series. This test is a two sided test and is sensitive to the null hypothesis that

there is no significant trend within data series. If the null hypothesis is rejected then there is an



indication of significant trend within the time series which may be positive or negative, as
described by its score. This test is not dependant on the distribution of the dataset and does not
vary with the outliers. Due to this reason, Mann-Kendall test is more suitable for detecting trends
in the sporadic datasets currently available over Leh, which might have skewed distributions and
may contain outliers. This test has been used to analyze if there are any significant trends in the
temperature and precipitation datasets, to understand if the climatic patterns over the region are
showing any significant changes at annual and/or seasonal scale. It is also used to analyze the
changes in the number of days with higher precipitation.

Using this test three values for each data series is calculated; Kendall Tau, Kendall Score
and its significance value (P-value) under null hypothesis. If the P-value is high, then the null
hypothesis is accepted, and there is no discernible trend within the time series. But if the P-value
is low, then the null hypothesis is rejected and there is a trend within the time series. With P-
value falling under 0.05, there is a significant trend indicated within the time series which is
stated with 5% significance level. Further, Kendall Tau and Kendall Score provide the test
statistics for the analysis which describes the increase against time versus the decrease in the
overall possible time-differences. Positive test statistics provide an indicator for increasing trend
within the time series and negative test statistics indicate a decreasing trend for the dataset.

4. Results and Discussion

The main objective of the study is to understand the climate of the cold arid region of the
Himalaya with a focus over the Ladhak region. Further, to find possibility of changing climate in
terms of temperature and precipitation patterns. Specific attention also is given to the extreme

events as these cause discernible impacts on the region, which might not always be the case in



slowly changing climate. Thus, in the following sub-sections we discuss the climate and its
extremes over the Ladhak region.
4.1. Temperature

Temperature variability of a region is the most important factor for its climatic studies.
From daily temperature trends, it is observed that over Leh the temperature may vary from
34.8°C in summers and can drop to as low as -27.9°C in the winters. But annual average daily
temperature is around +7.3°C. Thus, as discussed before, Leh can be characterized as a cold
region. Four different datasets from CRU, NNRP, ERA and IMDST were used to extract the
monthly temperature over Leh. Fig. 1a shows the monthly averaged temperature over the years
of data availability. This figure shows the general climate of the Leh region, with the summers
(JAS) having higher temperatures and lowering of temperatures during winters (DJFM). But as
noted in the figure, these observational datasets have inherent variability among themselves. The
NNRP and ERA datasets have comparable observations but CRU and IMDST observations show
a consistent positive deviation from the other two datasets by 5-7°C and ~15°C respectively. To
further understand this problem, correlation analysis is performed between the four datasets for
the common time period of data availability (Table 2a). It is seen that all the four observational
datasets show a very good correlation (> 0.9) between each other. So despite CRU and IMDST
showing higher temperatures than the other two datasets, as seen in Fig. 1a, it is seen that this
deviation from the other datasets is consistent. Thus, though each dataset may not provide an
exact magnitude of the temperature variability, but the overall temperature pattern is captured
accurately. This difference in these respective temperature fields could be attributed to the facts
that what initial data framework is used for generating the final analysis and, secondly,

difference in the analysis methods.



Due to the inherent variability between the different datasets, a direct comparison among
them would be inaccurate. Hence, the standardized anomaly is used to normalize the time series.
Fig. 1b shows the mean annual temperature anomaly for the dataset time series period of data
availability with their linear trend line analysis. Overall, the trend analysis of all the three time
series shows an increasing temperature trend (significant in case of CRU and ERA, but not for
NNRP) over Leh showing a warming climate over the region except in the case of IMDST which
shows no significant trend (IMD data is not available after 1991). A similar analysis is done for
the four datasets for the whole period of data availability of each dataset as listed in Table 1
(supplementary Fig. S2). In that case also an increasing trend is observed for the temperature
time series as the years progress. But in case of NNRP and IMDST datasets, the results of the
trend are not significant. But overall a warming trend is observed over Leh over the years.

The annual temperature anomaly shows severe variability between the years but is
consistent between the four time series (Fig. 1b). Apart from the overall warming trend over Leh,
as seen from the linear trend lines from Fig. S2, to understand the variability between different
years annual temperature anomaly is analyzed with each datasets' polynomial trend analysis (Fig.
2). When all the trend lines of different datasets are compared, similarities in the variability of
temperature climatology appear. From a visual analysis it can be said that higher temperature
was observed over Leh before 1979 as seen by the concave curve of the polynomial trend lines.
Thus, from the time period 1901-1979 there is slight increasing trend of temperature over the
years. After this long period, temperature shows a decreasing trend during the time period of
1979-1991, as seen by the convex curving of the trend line. After the short time period of
cooling, the temperature again increases rapidly from 1991-2013. Thus, the current two decades

show a significant and steep increase in the temperature over Leh, possibly foreshadowing



further warming of the environment over the region. This warming in the recent years will have
significant impact on the climate of the region. To understand if this pattern of warming, cooling
and then warming again over different time periods is significant the Mann Kendall test is
employed and described in the next paragraph. Similarly, seasonal analysis for winters, pre-
monsoon, monsoon and post-monsoon (Fig. S3-S6) shows mostly warming trends in most of the
datasets except in IMDST dataset. These unusual trends might be due to the short time extent of
data availability.

To further analyze the significance of trends within time series Mann-Kendall statistical
test has been used for the annual (for the whole time period 1901-2013) and seasonal (DJFM,
AMJ, JJA, ON) temperature time series of the four datasets (Table 3a). Positive values of
Kendall Score and Kendall Tau indicate increasing trends for temperature over time in both ERA
and CRU datasets annually as well as in all seasons which is supported by P-value as well. Also,
NNRP dataset shows a significant rising temperature in the winter season but lowering
temperature during monsoons. There is no significant discernible trend within IMDST data
series, which as mentioned before is possibly due to low number of observation points. Thus, the
analysis shows a significant warning/rising temperatures over the Leh region in all seasons over
the years (1901-2013), which might continue in the following years. But the periodic shift from
warming to cooling to warming as indicated in the polynomial trend needs to be established. For
this, the whole time period (1901-2013) has been divided in the three zones that have been
described in Fig. 2 (1901-1978, 1979-1991 and 1992-2013). Mann Kendall test results for all the
datasets for these three different time periods using monthly time series (providing large number
of data points) has been shown in Table 3c. Some of the sections have been left blank as that

particular dataset is not available for that time period. The period 1901-1978 shows an indication

10



of significant increasing trend with CRU. Consequently, there is a significant cooling period
afterwards from 1979-1991 as per IMDST. Again significant warming trend is noted with NNRP
dataset in recent years from 1992-2013. Similar changes in temperature patterns were also
indicated in the polynomial trend lines (Fig. 2). This continuous significant warming, cooling
and again warming temperature changes define a definite pattern that might be influencing the
climate of Leh.

For a temperature analysis for over the Ladakh region, IMD and Indian Air Force
meteorological station datasets for five different locations in the district are considered (Leh,
Base, Base Camp, Khalsi and Kargil). The time series calculated and available for these
locations are the maximum and minimum temperature (Tmax and Tmin) as the annual average
pentad temperature. Pentad temperature is the consecutive five days average of temperature over
a year. Supplementary Fig. S3a represents the annual average pentad temperature in a graphical
format. From the figure it is clear that the climate pattern over the Ladakh region is represented
with warmer summer and colder winter temperature. Khalsi city shows higher temperatures as
compared to other locations with Base Camp showing the lowest temperature in both maximum
and minimum temperature trends. Figs. S7b and S7c show the coefficient of variation for
minimum and maximum temperature respectively. Coefficient of variation describes the
proclivity of variability within the observations. According to Fig. S7b we note two regions of
spikes for minimum pentad temperature for April and October. Whereas for the maximum
pentad temperature the variability is highest during December, January and February. This shows
that maximum temperature over the Ladakh region fluctuates significantly during winter when
the minimum temperature trend remains constantly low. And the minimum temperature

fluctuates during pre-monsoon (spring) and post-monsoon (autumn) seasons. During the summer
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period the minimum and maximum temperatures show the least variability and remain
consistent.
4.2. Precipitation

The next important variable discussed to understand the climate of the Ladakh region
(Leh is considered as a representative) is precipitation. Precipitation patterns over Leh are
studied using two station datasets (AIRFORCE and IMDS) and six gridded datasets (Table 1).
The AIRFORCE, GPCC and GPCP have monthly precipitation time series whereas IMDG,
APHRO, IMDS and TRMM have daily precipitation trends. Commensurating with the arid
region response, calculated average daily precipitation for the three datasets shows very low
precipitation over Leh. IMDS data shows ~0.2mm/day; APHRO and TRMM data show
~0.5mm/day and IMDG shows ~1.5mm/day of precipitation at Leh. Further, average annual
precipitation over Leh is ~60mm/year (IMDS), ~150mm/year (APHRO), ~200mm/year
(TRMM) and ~300mm/year (IMDG) respectively.. Despite the inherent variations among the
datasets, it can be said that the precipitation is minimal over Leh region making it dry and arid.
However, recent studies have shown significantly higher precipitation along the ridges of Ladakh
range (Thayyen, 2016, ref: DST Report). Due to the inherent variation between the different
observations a correlation analysis is done. The correlation analysis for different precipitation
datasets (Table 2b) shows positive correlation among all datasets but the correlation coefficients
are low. Only CMORPH and IMDG show negative correlation. Whereas CMORPH and TRMM
have no correlation with IMDS dataset due to lack of common data points in the time series.
AIRFORCE and IMDS station datasets show the highest correlation (>0.9) between each other.
APHRO dataset shows some significant correlation to GPCP, IMDG and GPCC. Further, GPCP

also shows higher correlation to GPCC and TRMM. And IMDG and GPCC also show higher
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correlation between them. But rest of the datasets show poor correlations. Thus, it is imperative
that any analysis over Leh using these datasets must be normalized and must be in form of the
standardized anomaly time series.

Fig. 3a shows the annual trend of monthly precipitation anomaly. This represents the
generalized precipitation patterns over Leh. Fig. 3b shows the annual 11day average precipitation
anomaly for the five datasets having daily precipitation available. Similar analysis of the annual
average daily precipitation anomaly and their respective 5day average is also considered
(supplementary Fig. S8). The 11day or 5day average smoothens the highly variable curve of
daily precipitation trends. From the figures (Fig. 3a, 3b and supplementary Fig. S8) it can be
noted that, as over most of the Indian sub-continent, Leh has maximum precipitation during the
monsoon period (JAS). High precipitation is not seen during June as monsoon trough travels
over the Indian sub-continent to reach the northern most part of India by July. In post-monsoon
period (ON), the retreat of north-east monsoon shows very little precipitation over Leh. But the
winters and pre-monsoon periods show some precipitation (DJFM). These precipitation events
are related to the western disturbances (Dimri and Chevuturi, 2014; Dimri et al. 2015) which
brings precipitation over northern India during winter. Further, some strong western disturbances
may also impact the region during pre-monsoon period. Though low correlation is seen between
the datasets (Table 2b), as seen from the Fig. 3a, overall there seems to be relative correlation
between the datasets. But the IMDG and CMORPH datasets show higher deviation for
precipitation anomaly than the other datasets. Whereas from other two figures (Fig. 3b and
supplementary Fig. S8), it is seen that IMDG shows high peaks during March and December and
CMORPH shows during monsoon and November but very low precipitation during December

and January, whereas TRMM datasets shows peak during monsoon and February.
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For an analysis of the climatology of precipitation trends, annual precipitation anomalies
of all the eight precipitation observation datasets are plotted along with their trend lines (Fig. 4,
supplementary Fig. S5). When all the datasets are analyzed individually (supplementary Fig. S9),
it is observed that all datasets show varying precipitation trends. AIRFORCE, TRMM and GPCP
datasets show decreasing trend of precipitation over the years with low significance as seen in
AIRFORCE dataset. Whereas, IMDG, APHRO, CMORPH, IMDS and GPCC show increasing
precipitation trends, but IMDG, APHRO and IMDS show very low increase. Due to the datasets
showing varing overall linear precipitation trends over Leh, further analysis is done using
polynomial trend lines (Fig. 4). As the datasets are available for variable periods with some of
the time period of availability of data being very small all the datasets are analyzed against the
whole time line of data availability (1901 to 2013) in the Fig. 4. Though in this alternate method
of analysis each datasets trend analysis is limited to the time period of that data availability. This
comparative analysis comes up with interesting information on precipitation climatology over
Leh. With different precipitation observations having low correlation some generalizations and
extrapolations have to be made in the interpretation of results. From the figure it can be seen
though annual precipitation anomalies show variation, the trend lines show similarities and
correlation in the patterns. From a visual analysis it can be said that lower precipitation trend was
observed over Leh before 1970 as seen by the convex curve of the polynomial trend lines.
Whereas, after 1970 and till 1995 precipitation shows an increasing trend. Though the peaks of
each dataset vary, it can be said that during the time period of 1970-1995 there is increasing
trend of precipitation. Though it cannot be said this annually increasing trend is due to increase
in high amounts of daily precipitation or due to increase in the extreme precipitating events over

the region. After 1995 to 2012 there is again a decreasing trend of annual precipitation anomaly.
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This variable precipitation pattern over the last century have been also analyzed statistically
using Mann Kendall test which is described later in this section. Further, during the period of low
precipitation which may be due to low precipitation amounts but still has increasing trends of
extreme events. This will be further discussed in the following paragraph. Overall Leh has shown
low precipitation before 1970, which increased subsequently during the period of 1970-1995 and
the precipitation trend shows a decline after 1995.

Even seasonwise precipitation analysis (Fig. S10-14) shows varied linear trends or no
trends in data series. In winter season, GPCP and AIRFORCE dataset shows reducing
precipitation over the years whereas IMDG, IMDS and GPCC shows slightly increasing
precipitation. During monsoon, IMDG, CMORPH and GPCC shows increase in precipitation
whereas AIRFORCE, TRMM and GPCP shows reduction in precipitation. This varied increasing
or decreasing precipitation in different datasets do not give a clear picture as to what is the actual
indication of change in precipitation patterns over the region. Mann Kendall non-parametric test
over all the eight datasets (Table 3b) also provides varied patterns of change over Leh. Annually
CMORPH and GPCC suggests significantly increasing precipitation, where as GPCP shows a
reducing trend. Both monsoon and post-monsoon season shows significantly increasing
precipitation with GPCC and CMORPH. In fact annually as well as seasonally, CMORPH (one
of the smallest time extent dataset) and GPCC (one of the largest time extent dataset) shows
significantly increasing precipitation over Leh. During winters AIRFORCE and in pre-monsoons
GPCP shows significantly decreasing precipitation over the years. So over the years there is a
possible increasing precipitation pattern as per most of the datasets even though polynomial
trend line suggests decreasing trend in the current time period. It also showed a time of

increasing precipitation in recent past which might describe the overall reducing precipitation.
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Thus changing precipitation patterns over different time periods is a must to understand if
the indication provided by the polynomial trends is correct or not. Similar to the temperature
analysis over different time periods (Table 3c), for precipitation also the whole time extent
(1901-2013) has been divided into three sections (1901-1969, 1970-1995 and 1996-2013) as
described in Fig. 4. Over these three time sections, Mann Kendall test is applied on the available
data time series (Table 3d). The analysis for the first time section (1901-1969) with both
available dataset APHRO and GPCC shows a consistent significant reducing trend in
precipitation with both datasets. When considering the next time period (1970-1995), there is
significant increasing precipitation patterns with APHRO, IMDG, GPCC and IMDS datasets.
And in the most recent time period (1996-2013) again there is a significant reducing trend in
precipitation with GPCP and IMDG. This analysis consistent with the polynomial trend analysis
again provides an insight to a changing regime of precipitation patterns over the last century.
This changing regime goes from decreasing to increasing to again decreasing patterns of
precipitation even if there is an overall increase in precipitation patterns over time.

The increase of annual precipitation as discussed before can be due to the increase in
precipitation amounts over the whole year or low precipitation interspersed with some extreme
precipitating events. On the other hand decrease in annual precipitation can be due to reduced
precipitation amounts over this arid region but still have increasing extreme events. Thus, it is
imperative to understand the increase in the extreme events in precipitation to understand how
the climatology of the region is changing, instead of just the average trend. Higher precipitating
events though are not studied individually due to lack of storm data. Extreme in daily
precipitations can be a good representative of precipitation extremes. In Fig. S14a time series of

number of days greater than +1 standard deviation (+1SD) is represented. Here it can be seen
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that some years may either show higher number of days or lower number of days with
precipitation greater than +1 standard deviation of each year respectively. In all the five time
series there is a slight increasing/decreasing trend of number of days with high precipitation. But
further statistical analysis of the data series with Mann Kendall test (Table 3e) shows that though
again all datasets show varied increasing or decreasing trends but only IMDS and TRMM show
statistically significant reducing number of days of precipitation exceeding +1SD at 5%
significance level (P-value less than 0.05). Given the very short duration of cloudburst events
(Thayyen et al., 2013), assessment of the impact of the extreme events through the constructed
climate data is a huge challenge. Hence we can only expect such subdued indications in this data.
But there seems to be a rise in the reports of heavy precipitation events over the region in recent
times. These increasing reporting in the region could also be due to increased tourism, population
and communication in the recent decade. If considering the time series for number of days with
precipitation beyond +2 standard deviation (+2SD), we note that there is no significant increase
or decrease in the trend (Fig. S6b). No significant trend is seen in the number of days with
precipitation higher than +2SD at 5% significance but if 10% significance is considered (P-
values less than 0.1) TRMM shows a statistically significant decreasing trend. From the current
study no concrete proof can be provided to suggest the decrease in the extreme events only that
there might be indication of days with high precipitation might be reducing. This reduction might
be due to overall precipitation reduction or reducing extreme events. These extreme events which
occur for a short period of time might not be reflected through the current datasets. Thus,
detailed further analysis with longer hourly datasets is imperative.

5. Summary and Conclusions
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Ladakh region in the south of the Karakorum Range is unique with its cold-arid climate
and vast barren landscape. People in this region sustain on scarce natural resources and small
changes in climate of the region could bring hardship to the people. However, characteristics of
the changing climate are not well understood due to the limited monitoring facilities operated in
this region. Hence, present study focused on understanding the general climate of the region and
its changes during the past decades.

Leh at 3500 m a.s.l. shows extreme annual range of temperature ranging between 34.8 °C
in summer to -27.9°C in winter with an annual mean temperature of 7.3°C. The precipitation
over Leh falls mostly during the monsoon period with the extreme precipitating events
(cloudbursts) also occurring during the same period. During winter and pre-monsoon also there
is significant precipitation over Leh due to the influence of western disturbances. But on an
average the daily precipitation amounts range between 0.5-1.5mm/day. These conditions define
the climate of Leh region as a cold and arid (dry).

The changing climate shows a slowly changing trend of the climate variables when
considered as a time series. A statistical analysis of the climate over Leh using different datasets
shows a slight but significant trend of change. Considering the different temperature datasets
over Leh, there is an overall significant warming trend over the years in most datasets. On the
other hand, overall linear precipitation trends over Leh show varied results with different
datasets, with some showing increasing and others showing decreasing trends, but significant
increasing precipitation is seen in few datasets. Further analysis of temperature and precipitation
variability of Leh climatology is analyzed using polynomial trend lines with a comparative
analysis between different datasets. This comparative analysis comes up with interesting

information on the climatology over Leh. It is noted that from 1901-1979 is warm period over
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Leh followed by lowering temperature during 1979-1991, after which from 1991 onwards, the
temperature again increased rapidly. Further, analysis of precipitation reveals that, after a low
precipitation period before 1970, there was a period of increasing precipitation trend from 1970-
1995, but after 1995 onwards there is again a decreasing trend in the precipitation. This varied
trend of increasing/decreasing temperature and precipitation over different time periods is
statistically significant. Further, the variable temperature and precipitation trends show that there
is somewhat of an inverse relationship between temperature and precipitation over Leh. Before
1970s, there was a relative warm period which led to lower precipitation over the region.
Between 1970s to mid 1990s there is higher precipitation over Leh associated with lowerd
temperature. In the recent decades, mid 1990s onwards, the temperature is showing a rapid
increasing trend and consequently precipitation shows a decreasing trend. Despite the decreasing
trend of precipitation amounts over the region in recent decades, there is an overall increasing
trend of precipitation and warming temperatures over the years for Leh. There is also some
indication of decreasing number of days having high precipitation though reported otherwise.
This suggests that overall the region is receiving more rainfall than the arid region is used to.
This analysis indicating rapid increase in temperature and varied precipitation patterns in
recent decades foreshadows further changing climate with higher probability of unexpected
events over the Leh region in the coming years. This change in the climatic pattern might have
irreversible impacts over the region leading to devastating consequences. Any region which is
adapted to its climate consistent over many years; changing climate is problematic as it disrupts
the delicate balance between the historical climate and ecology of the region. Though Leh is a
cold and arid region, a warming environment and shift in precipitation patterns will have a

significant impact on the ecology, vegetation, wildlife, hydrology, cryosphere and even the
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human society (agriculture and transport). Increasing precipitation might be considered good for
an arid region from an anthropogenic point of view but will not be correct at all for the region's
ecosystem. In addition, this increase in form of extreme events or cloudbursts further cause
extreme amount of devastation without the possibility of water excess available during the time
to be stored for future. Thus, changing climate over the region will significantly impact the
region negatively and perhaps irrevocably.

Limitations in detailed studies over the region are due to the sparse network of stations
providing current data and lack of records of detailed historic data. This causes not only gaps in
dataset but also inherent variation between even the observational datasets. Further questions that
urgently need to be answered are the impacts of warming conditions over Leh, tele-connections
between the warming temperature trend and precipitation trends/extreme events and local
forcings of cloudburst events. And such questions need to be studied in the light of proof of
changing climate over Leh. Due to the imminent change in the climatic patterns these detailed
climatic studies over the region can form a basis for strong climate change adaptation policies.
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Fig. 2. Annua temperature anomaly (°C) with their respective polynomlal trend line analysis
(black solid lines) over Leh for CRU (red), NNRP (blue), ERA (green) and IMDST (yelllow).
Black dashed horizontal lines demarcate the +/- 1SD lines and black dotted vertical lines

demarcate time period between 1979-1991.
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Fig. 4: Annual precipitation anomaly (mm/month) with their respective polynomia trend line
anaysis (black solid lines) over Leh for AIRFORCE (red), IMDG (purple), APHRO (blue),
TRMM (orange), CMORPH (darkgreen), GPCP (lightgreen), IMDS (pink) and GPCC (cyan).

Black dashed lines demarcate the time period between 1970-1995.



Table 1. Datasets for Ladhakh region and Leh used in the study with the time period of availability for (@) temperature (°C) and (b)

precipitation (mm). Columns marked GD give information about the gridded datasets.
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Unit) o Lfg‘?eg;‘ SR K/uid/3f8944800cca8elc | ReandysisVersion | 12012009 DR
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Table 2: Correlation between different datasets for (a) monthly temperature dataset from 1979 to 2009 and (b) monthly precipitation
datasets for common years between datasets. Highlighted cells show relatively higher correlation (> 0.5) between different observational

datasets. (* denotes no correlation calculated due to lack of common time series data.)

(@) ERA CRU | NNRP | IMDST
ERA 1.000
CRU 0.990 | 1.000

NNRP | 0.985 | 0.980 | 1.000
IMDST | 0.994 | 0993 | 0981 | 1.000

(b) APHRO | AIRFORCE GPCP IMDG GPCC TRMM CMORPH IMDS
APHRO 1.000
AIRFORCE 0.384 1.000
GPCP 0.633 0.488 1.000
IMDG 0.509 0.254 0.492 1.000
GPCC 0.529 0.436 0.651 0.548 1.000
TRMM 0.130 0.347 0.631 0.102 0.436 1.000
CMORPH 0.084 0.205 0.269 -0.046 0.114 0.272 1.000
IMDS 0.461 0.905 0.417 0.328 0.333 * * 1.000




Table 3: Mann-Kendall test analysis showing Kendall's tau factor, P-value and Kendall's score for (a) temperature annually and
seasonally (DJFM, AMJ, JAS and ON), (b) precipitation annually and seasondly (DJFM, AMJ, JAS and ON), (c) temperature
monthly time series analysis for 1901-1978, 1979-1991 and 1992-2013, (d) precipitation monthly time series analysis for 1901-1969,
1970-1995 and 1996-2013, (€) no. of days greater than +1SD (GT_1SD) and +2SD (GT_2SD) in an year, al represented with the
available datasets. Grey shaded cells are with P-value less than 0.05. * Denotes where datais not available.

ANNUAL | DJFM | AMJ JAS ON
@) Kenda Kenda Kenda Kenda Kenda
Kenda P- [l Kenda P- [l Kenda P- [l Kenda P- [l Kenda P- [l
Il Tau | Value | Score | Il Tau | Value | Score | Il Tau | Value | Score | Il Tau | Value | Score | Il Tau | Value | Score
ERA 0.3784 | 0.0010 | 252 | 0.2672 | 0.0248 | 159 | 0.2874 | 0.0158 | 171 | 0.4189 | 0.0005 | 235 | 0.2478 | 0.0408 | 139
CRU 0.4086 | 0.0000 | 2490 | 0.4300 | 0.0000 | 2570 | 0.2110 | 0.0012 | 1235 | 0.2132 | 0.0011 | 1242 | 0.3509 | 0.0000 | 2050
NNRP 0.1589 | 0.0560 | 362 | 0.2112 | 0.0124 | 453 | 0.1198 | 0.1566 | 257 0.1879 0.0261 | -403 | 0.0779 | 0.3620 | 162
IMDST | 01531 0.4573 -16 0.1026 | 0.6693 8 0.2424 0.3037 -16 0.3030 0.1926 -20 02121 0.3727 -14
ANNUAL DJFM AMJ JAS ON
(b) Kendall | P- |Kendall [Kendall | P- |Kendall |[Kendall| P- |Kendall |Kendall| P- |[Kendall |Kendal| P- |Kendall
Tau Value | Score Tau Value | Score Tau Value | Score Tau Value | Score Tau Value | Score

APHRO 0.0847 | 0.3464 145 0.0877 | 0.3341 145 0.0940 | 0.3050 150 0.0451 | 0.6250 72 0.1140 | 0.2128 182
AIRFORCE | -0.1714 | 0.1275 -127 -0.2840 | 0.0139 -189 -0.0651 | 0.5858 -41 -0.0778 | 0.5132 -49 0.0560 | 0.6547 33
GPCP -0.3447 | 0.0050 -182 -0.1656 | 0.1965 =77 -0.3247 | 0.0108 -151 -0.2138 | 0.1007 -93 -0.1908 | 0.1435 -83
IMDG 0.2132 | 0.0652 142 0.1048 | 0.3760 66 0.0538 | 0.6597 32 0.2288 | 0.0552 136 0.1888 | 0.1238 108
GPCC 0.3654 | 0.0000 | 2271 0.2800 | 0.0000 | 1709 0.1958 | 0.0024 | 1174 0.1555 | 0.0162 932 0.1326 | 0.0422 786

TRMM -0.2353 | 0.2016 -32 0.0333 | 0.8926 4 -0.1810 | 0.3731 -19 -0.2381 | 0.2350 -25 0.0095 | 1.0000 1
CMORPH 0.4379 | 0.0124 67 0.7216 | 0.0002 81 0.5429 | 0.0056 57 0.4095 | 0.0377 43 0.6377 | 0.0012 66

IMDS 0.0286 | 0.9212 3 0.2564 | 0.2464 20 -0.2424 | 0.3037 -16 -0.0909 | 0.7555 -5 0.0578 | 0.8729 3

1901-1978 1979-1991 1992-2013




(© Kendall P- Kendal Kendall P- Kendal Kendall P- Kendal
Tau Value Score Tau Value Score Tau Value Score
ERA * * * 0.0275 | 0.6109 333 0.0335 0.4226 1112
CRU 0.0248 | 0.0256 10838 0.0201 | 0.7119 242 0.0581 0.2049 1347
NNRP -0.0137 | 0.6933 -946 0.0151 | 0.7815 182 0.0785 0.0395 2642
IMDST | -0.1111 | 0.7205 -5 -0.0202 | 0.0431 -154 * * *
1901-1969 1970-1995 1996-2013
(d) Kendall P- Kendal Kendall P- Kendal | Kendall P- Kendal
Tau Value Score Tau Value Score Tau Value Score
APHRO -0.3034 | 0.0000 -7849 0.1260 0.0009 6114 -0.0314 | 0.5781 -323
AIRFORCE * * * 0.0540 0.1929 1981 -0.0856 | 0.1263 -955
GPCP * * * 0.0021 0.9648 44 -0.0704 | 0.03841 -978
IMDG * * * 0.2997 0.0000 13196 -0.1874 | 0.0034 -1272
GPCC -0.0464 | 0.0469 -15791 0.1051 0.0099 4482 0.0124 | 0.8176 179
TRMM * * * * * * -0.0253 | 0.6163 -406
CMORPH * * * * * * 0.3777 | 0.0602 752
IMDS * * * 0.0420 0.4854 360 * * *
© GT_1SD GT_2SD
Kendall Tau P-Value Kendall Score Kendall Tau P-Value Kendall Score
IMDG -0.0271 0.8311 -16 0.0086 0.9545 5
APHRO 0.1597 0.0837 252 0.0601 0.5248 93
TRMM -0.4261 0.0357 -43 -0.3468 0.0887 -35
CMORPH 0.2789 0.1648 29 0.0518 0.8202 6
IMDS -0.5002 0.0228 -38 -0.3530 0.1107 -27




