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Abstract: The Himalayas have become synonymous with the hydropower developments for larger
electricity demands of India’s energy sector. In the Himachal Himalayas though, there are only
three large storage dams with more than 1000 megawatts (hereafter MW) capacity that have very
serious environmental issues. However, hundreds of small runoff-river hydropower plants across
the Himachal Himalayas are a serious threat to the river regimes and Himalayan biota. There are
965 identified hydropower projects (hereafter HPPs) having a potential capacity of 27,436 MW in
the Himachal Pradesh as of December 2019 as per the Directorate of Energy of the state. Out of the
965 identified, 216 are commissioned, including less than 5 MW plants, with an installed capacity of
10,596 MW, and were operational by December 2019. Only 58 projects are under construction among
the identified with an installed capacity of 2351 MW, 640 projects are in various stages of clearance
and investigation with an installed capacity 9260 MW, 30 projects are to be allotted with 1304 MW
installed capacity, and merely four projects are disputed/cancelled with installed capacity of 50.50 MW.
The large number of HPPs are sanctioned without proper consideration of negative environmental
and geohazard impacts on the Himalayan terrestrial biota. In this work, our focus was on the
hydropower and climate change impact on the Himalayan river regimes of the Chenab, the Ravi,
the Beas, the Satluj, and the Yamuna river basins. We analyzed basin-wise rainfall, temperature,
and soil moisture data from 1955 to 2019 to see the trend by applying the Mann–Kendall test, the linear
regression model, and Sen’s slope test. A basin-wise hazard zonation map has been drawn to assess
the disaster vulnerability, and 12 hydropower sites have been covered through the primary survey
for first-hand information of local perceptions and responses owing to hydropower plants.

Keywords: hydropower plants; climate change; Himalayas; runoff-river; disasters

1. Introduction

The Himalayas have become synonymous with the hydropower developments for larger electricity
demands of India’s energy sector. India’s hydropower requirement has been largely contributed by the
western and eastern Himalayan river systems [1,2]. The Himalayan rivers are vulnerable to climate
change, and dams are a big threat to the Himalayan biodiversity [3]. Hydropower is one of the major
renewable sources of energy of the world, and there is a boom in the hydropower sectors across the
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globe [4,5]. There are unprecedented increases in dams’ constructions in the most ecologically sensitive
and diverse biota of the Amazon, Congo, Mekong [6,7], and Indus [8]. Extraction of hydropower from
the riverine ecosystems through run-of-river hydropower, storage hydropower, and pumped-storage
hydropower systems are well-known electricity generation systems. Hardly any big rivers are left in
the world where there is no dam for the hydropower purpose and dam-making by humans, which is
more than 5000 years old, is one of the major anthropogenic activities that meted out to fulfill the
greater electricity demands [9]. As per the International Hydropower Association status report of 2019,
total hydropower installed capacity was 1292 gigawatts by 2018 from 289 countries, in which 80% are
from the top 20 countries. Of note, 21.8 gigawatts are the new installed capacity in 2018 only with East
Asia, and the Pacific is leading the table that is followed by South America, South and Central Asia,
Europe, Africa, and North and Central America [10]. India is one of the major hydropower-producing
countries in East Asia, with China being the largest producer. Within India, hydropower productions
vary from region to region. Among the northern states of India, Himachal Pradesh has the second
largest potential capacity of hydropower generation after Arunachal Pradesh. The hydropowers in the
Himachal Pradesh depend on the Chenab, the Ravi, the Beas, the Satluj, and the Yamuna river basins
and their sub-basins.

In this research work, we focused on hydropower and its impact on the Himalayan river
regimes, taking the second-largest potential hydropower capacity of Himachal Pradesh as a case
study. There are 965 hydropower projects (HPPs) (Figure 1) with 27,436 MW installed capacity in
the Himachal Pradesh and 10,596 MW of energy were already in production by December 2019
(Table 1). Here, we analyzed the long-term trend from 1955 to 2019 for 65 years of the mean annual,
monsoon season of June, July, August, and September (hereafter JJAS) and the winter season of
December, January, and February (hereafter DJF) rainfall, soil moisture, and temperature across all the
five river basins to assess the hydropower impact within Himalayan river regimes and biodiversity
with unavailability of reservoirs and streamflow data. Particularly basin-wise pattern of rainfall,
soil moisture, and temperature scenarios and how the numerous hydropower projects affect the local
people were assessed. We conducted two rounds of pilot field surveys in February and October of
2019 and covered 12 hydropower sites in total, four from each basin (the Ravi, the Beas, and the Satluj)
across three districts of Chamba, Kullu, and Kinnaur of Himachal Pradesh to assess the impact of
hydropower on the Himalayan river regimes and biodiversity from local perceptions and responses.

Table 1. Status of hydropower project (HPP) potential in various river basins and its sub-basins as of
December 2019 (Source: Directorate of Energy, Govt. of Himachal Pradesh).

Status of HPP No. of Plants Installed Capacity MW
(Megawatt)

Commissioned 216 10,596.27

Under construction/Various Stages of
Clearance & Investigation 709 11,612.24

To be allotted 30 1304.5

Disputed/Cancelled 4 50.5

Foregone 6 755.00

Total allotted 965 27,436.00
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Figure 1. Basin-wise distribution of hydropower projects of all those commissioned and under
construction in the Himachal Pradesh.

2. Data and Methods

Rainfall and surface temperature grid data were obtained from the India Meteorological
Department. The spatial resolution of the rainfall data is 0.25◦ × 0.25◦ [11], and for temperature, it is 1◦

× 1◦ [12]. The unit of rainfall in this study is millimeter (mm). National Centers for Environmental
Prediction (NCEP) and the National Center for Atmospheric Research (NCAR) soil moisture reanalyzed
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data [13] for 10–200 cm depth were obtained from the Lamont-Doherty Earth Observatory (IRI/LDEO)
Climate Data Library of Columbia University, New York. The spatial resolution of the soil moisture
reanalyzed data is 1.875◦ × 1.875◦. Climate variables of rainfall, temperature, and soil moisture
spatial distribution analyses were done for five years’ mean basis (pentad basis) to understand the
change in the spatiality of the variability within the Chenab, the Ravi, the Beas, the Satluj, and the
Yamuna river basins. With the unavailability of streamflow and reservoirs data, we calculated the
trend analysis of annual, JJAS, and DJF seasons’ rainfall, soil moisture, and temperature using a
linear regression (parametric) model (hereafter LRM), Mann–Kendall test (non-parametric) (hereafter
MKT) [14], and Sen’s slope [15] to investigate the basin-wise pattern. Calculation of the trend was done
using the spatialized area averaged data of each river basin. Area average of the basin was obtained
using the “fldmean” function in Climate Data Operators (http://mpimet.mpg.de/cdo).

Mann–Kendall Test: The M–K test is a non-parametric test in statistics mainly used for trend
analysis in hydrological and climatological time series data. This test was given by Mann (1945)
and has been used extensively with environmental time series. Mainly, this test has two advantages:
firstly, as it is a non-parametric test, hence the data used need not be normally distributed; secondly,
the test has low sensitivity to abrupt breaks due to inhomogeneous time series. According to this test,
the null hypothesis, i.e., H0, assumes that there is no trend in the data series, meaning that the data
are independent and randomly distributed, whereas the alternative hypothesis, i.e., H1, assumes that
there is a trend. The M–K statistic is computed as follows:

S =
∑N−1

i=1

∑n

j=i+1
sgn (xj− xi) (1)

where Xj and Xi are the annual values in years j and i, respectively, and N is the number of data points.
The value of sign (Xj − Xi) is computed as follows:

sgn(xj− xi) =


1 i f (xj− xi) > 0
0 i f (xj− xi) = 0
−1 i f (xj− xi) < 0

(2)

Linear Regression Model: These models are used to show or predict the relationship between
two variables or factors. In statistics, this is a linear approach of modelling the relationship between a
scalar response (dependent variable) and explanatory variables. It is computed as:

Y = a + b·X (3)

where Y = dependent variable, X = independent variable, b = slope.
In both the M–K test and Linear Regression model, Z-stat value explains whether there is a

positive or negative trend in the data series, and the slope value denotes the magnitude of trend.
In the M–K test, Z-stat value provides a trend statistic (Z) that indicates the monotonic increasing

(positive z) or decreasing (negative Z) trend. If the value of the Z-statistic is non-significant at a given
alpha level (0.05, 0.01), we can infer that there is no trend in the time series, and Sen’s slope is basically
used to identify the magnitude of the trend in a data series.

Primary Survey

The impact of hydropower on Himachal Pradesh has been studied, based on perception observation
of local peoples in the Chamba, Kullu, and Kinnaur districts of the Ravi, the Beas, and Satluj basins,
respectively. We visited 12 different hydropower sites for verification of change on the ground,
perceptions, and observations of local peoples and problems they faced due to hydropower plants.
Two rounds of purposive sampling surveys were conducted at 12 sites (highlighted in Figure 1), 4 sites
from each river basin, and a total of 120 people interacted, 10 from each site with questionnaires and

http://mpimet.mpg.de/cdo
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confirmed participants’ observations and opinions. The intensive field investigations were conducted
in February and October 2019.

3. Hydropower and Climate Change

The hydropower, renewable energy is a popular resource worldwide, many times considered
as problems for environmental, ecological, and social aspects, during construction to operational
phases [16–18]. Environmental degradation is a very serious issue, and it varies from country to
country with site-specific geographical, geological, and topographical impacts. The environmental
issues vary from large, medium, to small dams [19]. In the Himachal Himalayas though, there are
three very large storage dams, i.e., Bhakra Nangal, Naphtha Jhakri, and Karcham, but all are on
the Satluj river with more than 1000 MW capacity, which has very serious environmental issues;
however, hundreds of small runoff-river hydropower plants across all the basins in the Himachal
Himalayas are a serious threat to the river regimes (Figure 2). The hydropower plants that use the
runoff-river tunnel to divert natural water flow in the streams have serious ecological problems
in the climate change scenarios in the Himachal Himalayas. The increasing trend of global mean
temperature [20] leads to unequivocal disruptions in the patterns of precipitation, snow melting,
water availability, and hydrological cycles [21] in many parts of the earth, including the Himalayan
states of India [22]. Runoff is influenced by the pattern of precipitation in a basin induced by climate
variability, climate change, and local factors [23–25]. In the case of the Himachal Himalayas that
consist of the Shiwaliks (outer Himalayas), the lesser Himalayas and the Greater Himalayas have
regional-to-local variations of total precipitation patterns [26–28]. The climate in the Himachal Pradesh
varies with elevations from below 300 m in Una and Hamirpur to more than 7000 m in Kinnaur and
Lahul and Spiti. Several studies have been done in the Himachal Himalayas regarding the contribution
of snow to the total precipitation to the runoff in rivers. It has been estimated that, in the Chenab basin,
there are 49% contributions from the snow and glaciers melting [29], in the Satluj basin, the contribution
is 60% [30], and, in the case of the Beas, it has been estimated to be 35% of the water from the snow
and glaciers melting [31]. At 2000 m elevation, rain and snow contribute equally in the Himachal
Pradesh [32]. Jaiswal et al. [33] suggested that, in the Himachal Pradesh, there is a decrease in annual,
winter, monsoon, and post-monsoon rainfall from 1951 to 2005 datasets based on 37 measuring stations.
In the last 100 years, there has been a decrease in monsoon rainfall by 61 mm in Himachal Pradesh [34],
and rainfall is in a decreasing trend across all the districts [35]. The number of rainy days is decreasing
at Palampur, famous for tea plantation [36]. At Shimla, the capital of Himachal Pradesh known for
apple cultivations, a famous tourist spot and hill station, total precipitation and snowfall is decreasing,
as suggested by previous studies [35,37]. Hence, the impact of climate change is evident within
Himachal Pradesh. To investigate further, we analyzed all the five basins’ rainfall, temperature, and soil
moisture from 1955 to 2019 for 65 years in this work.
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Figure 2. Dry river channel after stream water diverted/blocked for hydropower purposes at (a) Parbati
sub-basin of Beas basin of Kullu districts (b,c) Ravi basin of Chamba districts, (d) Satluj basin of Kinnaur
districts. All the photographs were taken during our primary survey.

4. Results

4.1. Basin-Wise Rainfall, Temperature, and Soil Moisture Trend

4.1.1. Basin-Wise Spatial Distributions

Basin-wise spatial distributions of total annual rainfall pentads show decreasing rainfall within the
Satluj basin after 1955–1959 till 2015–2019, and the 1970–1974 and 2000–2004 periods are very seriously
affected in almost all the basins (Figure 3). DJF (Figure S1, S hereafter Supplementary Material) winter
and JJAS (Figure S2) monsoon seasons pentads show similar spatial patterns across all the basins.
Overall spatial rainfall distributions across all the five river basins indicate that there is declining of
rainfall annually as well as seasonally; how this will influence the hydropower plants in the future
will need to be observed seriously. Analysis of temperature in all the five river basins, for JJAS, DJF,
and the annual trend, has been carried out to assess the basin-wise impact across Himachal Pradesh.
The annual five-years mean pentad figures from 1955 to 2019 show (Figure 4) that the temperature
decreases from south to north as lower catchments are having low elevations with high-temperature
distributions compared to upper catchments and elevations increases from south to north for all the
basins, hence decreasing of temperature from south to north is homogenous in the whole region.
Similar observations of temperature distribution have been found during the DJF winter seasons.

The mean pentad figures for DJF (Figure S3) across all the basins show similar distributions,
but from the 1955 to 1959 to 2015 to 2019 pentads, we can see that winters are not so cold, and the gradual
mean surface temperature shifting towards upper catchments is very clear in the spatial distributions
pattern in the pentads that affect the snow cover depth, which may influence the hydropower plants;
however, temperature shifting towards upper catchment is not very prominent during the JJAS season
(Figure S4). However, the increase in overall temperature in the whole Himachal Pradesh of almost
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0.5 ◦C, as observed by Sahu et al. [35], may lead to more water in reservoirs of the Chenab and the
Satluj basins.

Figure 3. Pentads showing total annual rainfall in five river basins of the Himachal Pradesh. Each pentad
shows the mean of the five years from 1955 to 2019.
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Figure 4. Pentads showing mean annual temperature in five river basins of the Himachal Pradesh.
Each pentad shows the mean of the five years from 1955 to 2019.

Annual soil moisture pentads of all the basins show a very clear spatial pattern of a gradual
increasing shift towards upper catchment (Figure 5). DJF winter (Figure S5) and JJAS summer
(Figure S6) seasons pentads show similar spatial distributions of soil moistures across all the basins
with higher area coverage of soil moistures within the upper catchments, which may be owing to snow
and glaciers melting along with torrential monsoon rainfall.
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Figure 5. Pentads showing total annual soil moisture in five river basins of the Himachal Pradesh.
Each pentad shows the mean of the five years from 1955 to 2019.

4.1.2. Basin-Wise Trend

An increasing trend of the mean annual, JJAS, and DJF temperatures has been found for 65 years’
analysis from 1955 to 2019 across all the five river basins. The annual mean temperature and total
rainfall are inversely associated for all the river basins during the period, that is, with increasing annual
mean temperature, annual total rainfall is decreasing (Figure 6a–e). For the JJAS summer (Figure 6f–j)
season, the temperature is in an increasing trend for all the river basins and rainfall is in a decreasing
trend in the Ravi, the Beas, and the Yamuna, and an increasing trend in the Chenab and the Satluj due
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to the melting of snow and glaciers within the catchments. For the DJF winter season, temperature and
rainfall have a similar pattern as the mean annual trend within all the basins (Figure 6k–o).

Figure 6. Basin-wise trend of mean temperature and total rainfall for annual, JJAS, and DJF seasons for
the 1955–2019 period.

Mean annual (Figure 7a–e), JJAS (Figure 7f–j), and DJF (Figure 7k–o) seasons’ soil moisture and
temperature trend show an inverse association with each other. Soil moisture is homogeneously
decreasing (Table 2) across all the basins in all seasons like rainfall. With the diversion of stream water
for HPP through concrete tunnels, the Himalayan biota is going to be seriously affected.

Figure 7. Basin-wise trend of mean temperature and soil moisture for annual, JJAS, and DJF seasons
for the 1955–2019 period.

Rainfall and soil moisture trend for annual, JJAS, and DJF seasons are decreasing for all the basins
across all the seasons (Figure 8a–o) except for the Chenab for the JJAS season (Figure 8f), which may be
owing to difficult terrain and valley bottom topography with a high rate of melting of snow and glaciers
with high elevations, rate of soil moisture absorptions not coping with melting of snow, and glaciers
could be the reason that needs to be studied further.
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Table 2. Trend results for the Ravi, Beas, Satluj, Chenab, and Yamuna river basins. Results are based on the Mann–Kendall test (MKT) and Linear Regression Model
(LRM). Values in italic represent 90% significance level, * represents 95% significance level, and values in bold are significant at 99%. All the results are for the
period 1955–2019.

River Basin Test

Rainfall Temperature Soil Moisture

Annual JJAS DJF Annual JJAS DJF Annual JJAS DJF

z Stat Slope z Stat Slope z Stat Slope z Stat Slope z Stat Slope z Stat Slope z Stat Slope z Stat Slope z Stat Slope

Ravi
MKT −2.90 −0.77 −2.66 −0.65 −0.45 −0.04 3.244 0.010 2.281 * 0.006 * 1.636 0.008 −3.04 −0.04 −2.58 −0.02 −1.98 −0.01
LRM −0.90 −0.64 −0.05 0.009 0.005 * 0.009 * −0.04 −0.02 0.003

Beas
MKT −2.38 * −0.49 * −2.04 * −0.35 * −0.25 −0.02 3.27 0.01 1.93 0.006 1.31 0.01 −2.62 −0.04 −1.53 −0.01 −1.47 −0.01
LRM −0.53 −0.35 * −0.04 0.01 0.005 0.01 −0.03 −0.01 0.003

Satluj MKT −1.32 −0.19 0.69 0.06 −1.24 −0.19 2.90 0.01 1.90 0.005 0.96 0.005 −2.79 −0.03 −0.71 −0.004 −1.58 −0.01
LRM −0.26 * 0.04 −0.15 0.01 0.005 0.01 −0.03 −0.005 0.01

Chenab
MKT 0.09 0.01 2.50 0.35 −0.97 −0.05 3.16 0.01 2.25 0.006 1.54 0.007 −2.73 −0.013 −2.73 −0.01 −1.10 −0.003
LRM −0.10 0.34 * −0.77 0.01 0.005 0.009 −0.014 −0.01 0.009

Yamuna
MKT −3.25 −0.61 −1.97 * −0.32 −1.54 −0.06 2.66 0.007 1.01 0.002 0.77 0.004 −0.79 −0.004 −0.79 −0.004 −1.73 −0.007
LRM −0.56 −0.28 * −0.11 0.007 0.003 0.005 −0.005 −0.005 0.001
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Figure 8. Basin-wise trend of mean rainfall and soil moisture for annual, JJAS, and DJF seasons for the
1955–2019 period.

The positive trend for all the period across all the basins indicates a homogenous increase in the
temperature for the entire catchments. All the values are statistically significant at 90%, 95%, and 99%
in MKT and LRM trend analysis, as indicated in Table 2. For total annual rainfall except for the Chenab,
all other basins have a negative trend and Chenab with a 0.09 MKT value showing a low positive
trend (Figure 6a and Table 2). However, when the seasonal rainfall trend was analyzed for river basins,
then it was found that, for the JJAS season, rainfall in both the Satluj and Chenab river basins shows an
increasing trend (Figure 6f,i); for the other three basins (Ravi, Beas, and Yamuna), rainfall shows a
decreasing trend (Figure 6g,h,j). Coming to the DJF seasonal rainfall analysis, it was found that all river
basins experience a decreasing trend of rainfall. The slope value of linear regression analysis suggests
the steepness of the regression line. In other words, we can say, in what rate, a particular value is
increasing or decreasing over time, that can be explained by the slope value of linear regression. In our
case for annual rainfall and DJF seasonal rainfall, slope values of linear regression are negative for all
river basins, but in the case of the JJAS rainfall analysis, the values are positive for Satluj and Chenab
and negative for Ravi, Beas, and Yamuna (Table 2).

When temperature data for all river basins were analyzed, it was found that temperature has an
increasing trend for all basins, as the “Z-stat” values are positive in each case for annual as well as
seasonal temperatures (Figures 6 and 7 and Table 2). Similarly, the slope values in the LRM test are also
positive for all basins, which once again proves that lines of temperature trend have been increasing
for all basins.

In contrary to temperature, soil moisture analysis for all basins shows a decreasing trend for
annual as well as seasonal moisture data. However, slope values in the LRM test show some variation,
though the values are negative for annual and JJAS soil moisture, in the case of the DJF dataset,
the results are positive (Table 2).

Basin-wise temperature, rainfall, and soil moisture patterns, as shown in Figures 3, 6 and 7,
indicate the increase in temperature and decrease in rainfall and soil moisture in all the five river
basins in the Himachal Pradesh. Increasing temperature trends may influence the melting of glaciers,
which will lead to an increase in the runoff. However, a decrease in the DJF rainfall trend with
declining winter snow depth [38–41] across all the basins will lead to less flow in the stream and how
all the runoff-river hydropower will work in the future is a matter of concern in particular and for
Himalayan biodiversity in general. With the impact of climate change, how the cumulative responses
from the Himalayas ecology will reflect society through the dry streams of several river regimes and
its sub-regimes owing to runoff-river systems is moving towards the worst phases of hydropower and
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water-related problems in the Himachal Pradesh in the near future; these are our observations from
the primary survey.

4.2. Socioecological Survey

Out of the five river basins we have surveyed in three basins, i.e., the Ravi, the Beas, and the
Satluj basins, we found almost similar perceptions and observations by village peoples related to
hydropower projects. Out of the 12 villages we visited, 4 from each basin, the Ravi, the Beas, and the
Satluj basins, and covered 120 local peoples, all have serious negative ecological observations owing to
HPP. The crisis of drinking water, the disappearance of springs, deforestation, problems in terrace
farming, increases of landslides and dearth of aquatic lives are some very serious ecological and loss of
biodiversity problems faced within the Himachal Himalayas. During our survey, we came to know
that only 15% of water is flowing in the natural stream across all the seasons in Himachal Pradesh
based on the amount of water availability. With decreasing rainfall and soil moisture, and increasing
temperature across all the five river basins, dry streams is a major reason for the disappearance of
springs observed by local people; if this issue is not addressed in time, then it must have serious
ecological implications in Himachal Pradesh. Though spring disappearance is not directly linked to
climate change, overexploitations of HPP is one of the major factors for it.

4.2.1. Spring Disappearance

In high elevation mountains, groundwater discharges occur through springs. Springs in the
Himalayas range of Himachal Pradesh are perennial in nature. Tap water or piped water is not available
to the sparsely populated areas, located on the top of the mountains. People in the remote hill areas
use water from the spring for their drinking, domestic as well as irrigation for their terrace farming,
horticulture, and other staple crops predominantly in the districts of Kinnaur, Lahul, and Spiti, Kullu,
Chamba, and Mandi of Himachal Pradesh. The economy and livelihood of these areas depend upon
the springs (Figure 9). Spring water helps to maintain the soil moisture in the hilly terrain. There are
numerous reports based on local Non-Government Organisations (NGO) [42], community-based
studies, state and central government agencies [43] that focused on the water crisis in the Himalayan
riparian states due to the disappearance of natural springs. The NitiAyog, a think-tank of the central
government of India, has recently carried out a study to understand the spring disappearance and
possibility of springs rejuvenations in the Himalayan belt [43]. The study highlighted that about 50% of
the springs in the Himalayan belts are already dried up due to anthropogenic factors and hydropower
projects. The main causes of spring disappearance are diversion of stream water through long concrete
tunnels for hydropower purposes and many river streams have cascading HPP pipelined one by one
that further blocks the aquifers zones of the soil. More than 90% of respondents have expressed that
the disappearance of springs is creating serious livelihood problems across all the basins.

4.2.2. Risk of Disasters

There are frequent occurrences of natural hazards in the state of Himachal Pradesh. The hills
and mountains of the state are liable to suffer landslides during monsoons and also in high-intensity
earthquakes. In case of earthquake vulnerability, the districts Kangra, Hamirpur, and Mandi fall in a
very high vulnerable category. The districts that fall in the landslide vulnerability category areChamba,
Kullu, and Kinnaur. The avalanche hazard vulnerability map suggests that the districts of Lahaul-Spiti
and Kinnaur are very highly vulnerable. The HPPs in the Himachal Pradesh are installed in more than
5500 m elevation on the Sutlej in Kinnaur to less than 450 m elevation on the Yamuna sub-basin in
Sirmour districts (Figure 1). More than half of the HPPs are within 2000–4000 m elevation, which is very
vulnerable to landslides, earthquakes [44], and flash floods. The entire Himachal Pradesh is situated
in the type-V zone, the highest vulnerable seismic zone as per the National Disaster Management
Authority of India (NDMA) (Figure 10).
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Figure 9. Photographs tell the importance of springs in the daily lives of people living in higher
altitudes within Himachal Pradesh in the Indian Himalayas: (a) near Rohtang Pass of Kullu districts at
3100 m elevations of Beas basin, water from spring used for household purpose; (b) Nako village of
Kinnaur districts of Satluj basin at 3200 m elevations, harvested water from spring for horticulture; (c)
on the way to Bharmour, Chamba at 1500 m elevation, spring water has been used by tourist and local
people of the Ravi basin; (d) natural spring within the Satluj basin of Kinnaur districts. All photographs
were taken during our primary survey.

Among various types of HPPs in the Himachal Pradesh, 85% are runoff-river-based power
plants that operate through the diversion of stream water by the concrete tunnel. Making tunnels
within the Himalayan rock structures throughout Himachal Pradesh where tunnels are varying from
a few hundred meters to more than 10 km creates hallowing in the mountain. Use of explosives
for blasting in the bulk emulsion, big hole drilling through vibrations and compressors, the risk of
damage to the underground water cycle, deforestation, fragmentations of rocks and slope failures
trigger the avalanches (Figure 10a), landslides (Figure 10b), and earthquakes (Figure 10c) that increase
the hydrogeological disasters in the region [42,45]. “Landslides are very frequent nowadays owing
to massive constructional activities are going on in recent years than one-two decades before solely
because of HPP,” told by 85% of anonymous respondents who prefer not to be named. During our
survey, we came across very serious landslides near the Kotpuri of Mandi districts, in which 46 people
were killed in August 2017; one landslide occurred near Bharmour, though no life loss took place,
but the road was blocked for one week in October 2019. Reports of landslides from our primary survey
(Figures 10b and 11) explain how all of Himachal Pradesh is vulnerable to landslides.
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Figure 10. Spatial hazard zonation map for Himachal Pradesh covering all the basins, consisting
of (a) avalanche, (b) landslide, (c) earthquake, (d) flood vulnerability, as per the National Disaster
Management Authority, Ministry of Home Affairs, Government of India.

Figure 11. Landslides: (a) Kotpuri of Mandi districts, a massive landslide occurred on 13 August 2017,
46 people died, that we visited during the primary survey; (b) huge landslide blocked the road for 2
days in Chamba districts; (c) on our way to Bharmour in October 2019, a landslide blocked the road
for one week; (d) landslide near Bhaba Nagar of the Kinnaur districts within the Satluj basin. All the
photographs were taken during our primary survey.
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5. Discussion

The possible impact of dams on the river flow regimes across the world varies based on the terrain,
topography, ecology, and socioeconomic conditions of the region. In the climate change scenarios and
impact of global warming, estimated runoff contributions to the total runoff from snow and glacier
melt in the Beas at 35%, the Chenab 49%, and the Satluj 60% at present are going to increase with
the increase in snow and glaciers melting [46–48]. Ali et al. [8] suggested the wetter 17.04 ± 20.76%
and 15.30 ± 20.16% increase in the annual mean precipitation in the Nathpa Jhakri (1500 MW) and
Bhakra Nangal (1300 MW) big storage dams of the Satluj basin, respectively, in the near future was
owing to snow and glaciers melting. The big dam’s socio-environmental impacts are many [49–53];
small dams are not fully safe in biodiversity conservations either. The Himalayan ranges of the
Himachal Pradesh are facing serious ecological threats from the runoff-river tunnel-based small dams
as well. Less than 5 MW capacity runoff-river dams considered as “green and clean” dams are no
more “green and clean” from risk and tensions [54,55]. Long term means that temperature and rainfall
MKT and LRM analysis [56,57] shows an increase and decreasing trend, respectively, in Himachal
Pradesh [35]. Various previous studies show declining snow cover and depth in the western Himalayas
regions, including Himachal Pradesh. Huber et al. [58–60], in their study, found that seasonal snow
cover depth and duration have been declining in the last 2–3 decades in the western Himalayas.
The India National Satellite (INSAT) derived snow cover data and National Centers for Environmental
Prediction/National Center for Atmospheric Research (NCEP/NCAR) climate data analysis show
snow depth weakening in the western Himalayas [38]. The increasing minimum temperature is the
dominant factor for decreasing winter snowfall trends in the Satluj basin [61,62]. People’s perceptions
and observations also confirm the declining depth of snowfall in the higher altitudes of Himachal
Pradesh [35]. Increasing temperature trend across all seasons within all the five river basins (Figure 6)
may lead to increase the runoff in those river basins like Beas, Chenab, and Satluj, and this will
be a dividend for the hydropower plants located within these basins, but with decreasing rainfall
(Figure 7), and snow depth will create difficult situations for hydropower managers to maintain the
plants. Decreasing soil moisture trend within all the river basins across all the seasons, as shown in
Table 2 and Figures 5, 8, S5 and S6, will not only impact the hydropower [63–69], but also influence
the horticulture, terrace farming, aquatic life, and Himalayan biota [70] that already threatened with
increasing frequency of landslides, earthquakes [44], and other disasters within Himachal Pradesh.
Shrestha et al. [71] investigated the widespread climate change impact on the Himalayan ecosystem
and concluded that rate of warming is higher than the global average and will make the Himalayas
more vulnerable to climate change. Several other studies also have similar findings on the impact of
climate change on horticulture and water resources ecosystem in the Himalayas [72,73].

6. Conclusions

With the climate change scenarios, the long-term impacts of HPPs on the Himachal Himalayas
are a serious threat to the river hydrology and biodiversity of the region. With an increasing number
of landslides, avalanches, and flash floods, the crisis of spring disappearance in the Himachal
Pradesh should be critically analyzed to provide scientific long-term solutions and mitigation from
hydrogeological disasters. Runoff-river small dam boom in the region has been overestimated in terms of
economic benefits and underestimated in terms of the effects on the diverse biota. The non-accountable
approach of local governments to the small hydropower owners in the name of green and clean energy
often raises the questions on the transparency processed followed during the approval of the dam and
if the people affected at the local level are well informed about risks and consequences. Our basin-wise
spatial distributions, linear associations and MKT and LRM trend analysis of rainfall, soil moisture,
and temperature have shown the potential impact of hydrological implications within Himachal
Pradesh. Ripple effects of runoff-river HPP to the ecosystem services and biodiversity in the Himachal
Pradesh are hardly taken into account for the long-term assessment, especially for the horticulture and
aquatic livelihoods. The absence of dam reservoirs observations’ long-term records and streamflow
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data are the major limitations of this work. Future research on HPP boom within the Himalayan
biodiversity will depend on how the climate change effects will impacts the river flow regimes.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4441/12/10/2739/s1,
Figure S1: Pentads showing total rainfall in winter season (DJF) in Himachal Pradesh. Each pentad shows the
mean of the five years from 1955–2019., Figure S2. Pentads showing total rainfall in monsoon season (JJAS) in
Himachal Pradesh. Each pentad shows the mean of the five years from 1955–2019. Figure S3. Pentads showing
mean temperature in winter season (DJF) in Himachal Pradesh. Each pentad shows the mean of the five years
from 1955–2019. Figure S4. Pentads showing mean temperature in monsoon season (JJAS) in Himachal Pradesh.
Each pentad shows the mean of the five years from 1955–2019. Figure S5. Pentads showing total soil moisture
in winter season (DJF) in Himachal Pradesh. Each pentad shows the mean of the five years from 1955–2019.
Figure S6. Pentads showing total soil moisture in monsoon season (JJAS) in Himachal Pradesh. Each pentad
shows the mean of the five years from 1955–2019.
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