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Abstract: The scientific community has widely reported the impacts of climate change on the Central
Himalaya. To qualify and quantify these effects, long-term land surface temperature observations in
both the daytime and nighttime, acquired by the Moderate Resolution Imaging Spectroradiometer
from 2000 to 2017, were used in this study to investigate the spatiotemporal variations and their
changing mechanism. Two periodic parameters, the mean annual surface temperature (MAST) and
the annual maximum temperature (MAXT), were derived based on an annual temperature cycle
model to reduce the influences from the cloud cover and were used to analyze their trend during the
period. The general thermal environment represented by the average MAST indicated a significant
spatial distribution pattern along with the elevation gradient. Behind the clear differences in the
daytime and nighttime temperatures at different physiographical regions, the trend test conducted
with the Mann-Kendall (MK) method showed that most of the areas with significant changes showed
an increasing trend, and the nighttime temperatures exhibited a more significant increasing trend
than the daytime temperatures, for both the MAST and MAXT, according to the changing areas. The
nighttime changing areas were more widely distributed (more than 28%) than the daytime changing
areas (around 10%). The average change rates of the MAST and MAXT in the daytime are 0.102 °C/yr
and 0.190 °C/yr, and they are generally faster than those in the nighttime (0.048 °C/yr and 0.091 °C/yr,
respectively). The driving force analysis suggested that urban expansion, shifts in the courses of
lowland rivers, and the retreat of both the snow and glacier cover presented strong effects on the local
thermal environment, in addition to the climatic warming effect. Moreover, the strong topographic
gradient greatly influenced the change rate and evidenced a significant elevation-dependent warming
effect, especially for the nighttime LST. Generally, this study suggested that the nighttime temperature
was more sensitive to climate change than the daytime temperature, and this general warming
trend clearly observed in the central Himalayan region could have important influences on local
geophysical, hydrological, and ecological processes.
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1. Introduction

Mountainous regions are usually characterized as fragile eco-environments. Because mountainous
environments are highly sensitive to climate change, their responses to global climatic change are
observed earlier than those of the surrounding lowlands, and they are therefore are ideal indicators for
related studies. As a result, global climate change issues related to mountainous areas have become a
growing concern worldwide, thereby motivating many scientific and political global-scale initiatives,
including cooperative regional organizations, international conferences, and projects [1].

The Himalayan Mountains, which constitute one of the most fragile ecosystems in the world,
play an important role in providing necessary ecosystem services, including the supply of water,
biodiversity, and natural resources; however, these services are significantly affected by the effects of
human activity and global warming. The most obvious phenomenon associated with these effects
is the rapid retreat and thinning of glaciers in the Himalayas, together with the fast formation and
growth of glacial lakes [2]. In tandem with the retreat of glaciers, global warming favors an upslope
shift of alpine tree lines around the world, especially in the Himalayas [3].

Over the past decade, increased attention has been paid to the central Himalayan region, which is
majorly referred to as Nepal, aiming to quantitatively understand the spatial and temporal change
patterns of the climatic environment. Meteorological observations, such as the near-surface air
temperature and precipitation data, are important proxies for investigating these changes. For example,
based on meteorological measurements from 10 stations, Qi, et al. [4] clarified the characteristics and
trends of climate change in the Mt. Everest region located in Central Himalaya. Shrestha, et al. [5]
revealed warming trends in the Middle Mountain and Himalayan regions by analyzing the maximum
temperature data from 49 stations in Nepal for the period between 1971 and 1994; high-elevation
regions in the north presented a greater warming trend than the lowlands in the south, and these
changes were attributed mainly to the effects of climate change. Moreover, such warming trends have
also been detected based on observations from meteorological stations for both the mean and the
extreme surface air temperature [6-8]. These findings are consistent with the simulation results that
use climate models [9]. In addition, an obvious increase in the near surface air temperature will have
significant impacts on the melting of the glaciers and snow cover, which can further influence the
hydrological regime of the river basins throughout this region [6,10,11].

Consequently, it is highly important to understand the positive and negative impacts of
climate change on mountainous eco-environments from the local to regional scale, in order to
assist decision makers in preparing appropriate adaptation strategies for the changing conditions
therein. Unfortunately, as is evident from previous assessments based on in situ meteorological
observations, considerably few stations are established in mountainous areas of the Central Himalaya,
and usually they lack long-term records. Consequently, it is difficult to depict the spatial and temporal
dynamics of the climatic environment over these regions with such limited measurements. Although
climate models can consistently provide a virtual estimate of climate change and its effects, such models
have a coarse resolution that is insufficient for representing the climatic variability on a regional or
local scale and for assessing the environmental or hydrological responses [9]. Furthermore, estimates
from climate models suffer from simulation uncertainties, thereby affecting the desired understanding
of surface processes and the impact assessment [12].

To circumvent the abovementioned limitations, satellite remote sensing provides spatially
contiguous high-accuracy and high-resolution information, particularly in remote mountainous
areas; thus, remote sensing constitutes an alternative approach for monitoring the dynamics of
surface eco-environments and their responses to climate change. Land surface temperature (LST)
measurements acquired based on thermal remote sensing have become vital for describing the spatial
and temporal variability of the surface thermal environment and investigating its response to climate
change [13-17]. To document the biophysical effects of forest change under the local climate, many
studies have been conducted to assess the effects of warming and cooling resulting from land cover
changes on the daytime and nighttime LST [18-20]. Bechtel [21] used the annual temperature cycle
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(ATC) to obtain the annual LST cycle parameters from Moderate Resolution Imaging Spectroradiometer
(MODIS) observations; in doing so, they demonstrated the potential applications of those parameters
in global climatology and assessed their influencing factors. Similar analyses can be found in the
field of urban thermal environment monitoring and assessment [22,23]. Although evaluations of LST
variations are focused primarily on the effects of land cover changes on the LST, the influence of
interannual climate variability on the change pattern is also an important factor to be considered [24].

Therefore, the use of long-term remotely sensed LST records can be employed to analyze the spatial
and temporal LST characteristics over the central Himalayan region; the results of such analyses should
be helpful for better understanding the interactions among various driving factors, including land
cover change and climate change, and for performing research on regional and local eco-environmental
assessments and adaptation. Unfortunately, few studies have been devoted to this issue within this
region [25-27]. To fill this research gap and generally investigate the thermal environment and its
variations over Central Himalaya, this study selects Nepal as the study area, and the objectives of this
study are to (1) quantify the spatial and temporal LST distribution patterns, (2) address the driving
mechanisms, including the major influencing factors and surface processes, of the thermal environment,
and (3) assess the corresponding potential impacts of climate change. Unlike previous studies based on
either mereological observations or climate modeling, this is the first study to provide a comprehensive
assessment of the thermal environment using remote sensing data over this region.

2. Materials and Methods

2.1. Study Area

As an important component of the Central Himalaya, Nepal is a typically mountainous country
in South Asia, more than 90% of which is occupied by mountain terrain. It resembles a rough rectangle
stretching 900 km from east to west in the central Himalayan region (80°04’-88°12’ E, 26°22'-30°27" N).
Physiographically, Nepal is divided into five major regions from south to north (Figure 1), namely,
the Terai Plain, Siwalik Hills, Middle Mountain, High Mountain, and High Himalaya, which are
divided according to their elevation ranges (lower than 200 m, 200 m to 1000 m, 1000 m to 2000 m,
2000 m to 4000 m, and higher than 4000 m), and the mean altitudes of each region are 136 m, 497 m,
1280 m, 2605 m, and 4739 m, respectively. Each region is oriented almost parallel to the direction of the
Himalayan Mountains.
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Figure 1. Elevation map and physiographical regions of Nepal. Note: the red points are meteorological
stations.
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Due to the high fragility of the montane ecosystem and its substantial dependence on agricultural
activity, climate change has, in this region, the strongest impact on many vulnerable issues, such as
water resources, biodiversity, agricultural development, and food security. Therefore, Nepal is an ideal
study area for investigating the effects of climate change. It exhibits four distinct seasons but is strongly
influenced by monsoons and continental factors; consequently, the climate ranges from a subtropical
monsoon climate in the south to a warm temperate climate in the Middle Mountain region, a cool
temperate climate in the High Mountain region, and an alpine climate in the High Himalaya region.

2.2. Data

2.2.1. Satellite and DEM Data

The MODIS LST product is widely utilized in regional and global studies because of its daily
global coverage ability [28-32]. Meanwhile, previous validation studies indicated that it has a relatively
high estimation accuracy (within +1 K in most cases) [33,34], and thus, this product is the best choice
for specifying the LST spatial and temporal variability. The daily LST 1-km products are provided by
both the Terra and the Aqua platforms, and the Terra MODIS LST product has a longer temporal extent
(since Feb. 2000) than the Aqua MODIS LST product (since Jul. 2002). To enable a longer observation
period, the Terra MODIS daily 1-km LST data (MOD1A1 Version 6) from the period of February 2000
to December 2017 were used in this study, and they were acquired from the NASA EarthData Search
(https://search.earthdata.nasa.gov/search). The overpass time of the Terra satellite is approximately
10:30 (local solar time) in its descending mode and 22:30 in its ascending mode. Both daytime and
nighttime LST data were used in this study to analyze the different responses of LST to changes in the
surface cover condition and the climatic environment. It should be noted that only high-quality data
were selected based on the quality control information.

In addition to the LST product, to investigate the impacts of changes in the land surface
characteristics on the variations in the surface thermal environment, the MODIS/Terra 1-km 16-day
vegetation index product (MOD13A2) and the MODIS/Terra Snow Cover Daily L3 Global 500 m
product (MOD10A2) were downloaded to supply surface vegetation cover and snow cover information,
respectively. Based on the 16-day normalized difference vegetation index (NDVI) product, the
Savitzky-Golay filter was used with the quality control data to eliminate the influence of clouds on the
NDVI data to derive the annual maximum NDVI of each year, so as to the analyze vegetation cover
variation. Moreover, because the variation in the snow cover is a good proxy for representing the
impacts of climate change, the days of snow cover were acquired from the snow cover product for
each year.

For information regarding the surface topography, the 90 m Shuttle Radar Topography Mission
(SRTM) digital terrain model elevation data were downloaded from the National Aeronautics and
Space Administration (NASA) web portal (https://urs.earthdata.nasa.gov). It was then resampled and
aggregated into 1 km, which has the same spatial resolution as the LST product.

2.2.2. Observed Air Temperature Data

The historic trend in the air temperature was analyzed using data from six meteorological stations
in/around the study area (Figure 1). Among these stations, four are located in Nepal, and another
two (Tingri and Bagdogra) are situated in China and India, respectively. The daily observations are
collected from the National Climate Center (http://ncc.cma.gov.cn), and they are used to derive the
annual average air temperature for the trend analysis. Details of the stations and data availability
are given in Table 1, and each station provides meteorological data with different periods. A big
observation gap can be found at most stations, especially for Surkhet and Dhankuta.
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Table 1. Detailed information of the meteorological stations and the data availability.

No. Sl\t;?:: Latitude Longitude Elez/;t)wn Fre]c)palteilcy Data Availability (years)
1 Surkhet 28.6 81.617 720 daily 1977-1995, 20142017 (23 years)
2 Tingri 28.633 87.083 4300 daily 1974-2017 (44 years)
3 Kathmandu 27.7 85.367 1336.9 daily 1971-2000 (30 years)
4 Bagdogra 26.681 88.329 125.6 daily 1976-1987, 1990-1992,1994-2006, 2010 (29 years)
5 Chame 28.55 84.233 2680 daily 1980-2009 (30 years)
6 Dhankuta 26.983 87.35 1210 daily 1977-1999, 2014-2017 (26 years)

2.3. Methodology

2.3.1. LST Information Extraction

It is well known that the LST is highly affected by the local atmospheric forcing environment
in addition to surface thermal properties. However, the thermal infrared observations are easily
contaminated by cloud cover, resulting in many gaps during the surface temperature estimation.
Therefore, it is hard to effectively understand the surface thermal environment and its dynamics based
on these discontinuous LST observations. The single comparison with observations on a specific
day cannot represent the true variation of the thermal environment due to the strong impact from
the atmospheric forcing environment. Instead of the instantaneous values, the use of the periodic
information at longer temporal scales should be a good choice.

Previous studies have indicated that the annual temperature cycle of the LST can be effectively
modeled as a sine function plus a constant term for midlatitude regions [22,35]. This widely accepted
ATC model is shown below:

f(d) = MAST + YAST- sin(w)

365 @

where d is the day of the cycle. The three other parameters, which are usually named the annual cycle
parameters (ACPs), are the mean annual surface temperature (MAST), the yearly amplitude of the
surface temperature (YAST), and the phase shift (0). To maintain the rationality of the ATC model, the
YAST should be larger than 0, and the phase shift relative to the equinox should range between —182.5
and +182.5 days according to the definition. The day with the maximum temperature (DAY pax) is
91.25-9. Additionally, since the full cycle was set to 365 days, intercalary days were ignored [21,23,36].
From the above ACPs, the annual maximum temperature (MAXT) can be derived using the MAST and
YAST, as follows:

MAXT = MAST + YAST 2)

Therefore, the LST parameters provide annually periodic LST information associated with the
irradiation and climatological conditions, and they are useful for specifying the spatial and temporal
variations in the surface thermal environment. To enable the reliable retrieval of these ACPs, only
good-quality daily LST observations were used in this study during the ATC modeling. In this study,
MAST and MAXT are used as the major parameters because of their representative role for the local
thermal environment.

2.3.2. LST Trend Analysis

The popularly used Mann-Kendall (MK) test was used in this study to detect the temporal trend
of the LST. The MK test is a nonparametric test that has been found to be an excellent tool with a wide
applicability in hydroclimatic time series [37-40]. This test boasts numerous advantages, namely, little
interference from abnormal values and a convenient calculation process; moreover, the time series
used in this test are not required to follow a specified linear or nonlinear variation trend. Detailed
information about this methodology can be found in previous trend analysis studies [41]. In this
study, the standardized MK test statistic (Z;,) was used to specify whether a trend is significant or
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not significant at a significance level of x=0.05. In addition, the trend magnitude was determined by
Theil-Sen’s slope, where a positive value indicates a positive trend and vice versa [42].

3. Results

3.1. Spatial Pattern of the Annual Mean LST

The ATC model was applied to the daytime and nighttime LSTs of each year. According to the
fitting results, an acceptable fitting accuracy can be derived for most pixels with the root mean squared
deviation (RMSD) within 3 K. The relatively poor performance was only found at some high-elevation
pixels due to the complex terrain. Based on the estimated yearly MAST, the daytime and nighttime
average MAST were derived to present the general thermal environment of Nepal (Figure 2). It is clear
that the daytime average MAST (Figure 2a) is systematically higher than the nighttime average MAST
(Figure 2b), with mean values of 295.46 K and 283.19 K, respectively. Due to the frequent cloud cover in
the High Himalaya region, there are some places with blank values during the nighttime, as shown in
Figure 2b. In addition, they both present a banded distribution along the northwest-southeast direction,
similar to the physiographical regions shown in Figure 1. This implies the presence of an important
impact of the surface topographic conditions on the evolution of the surface thermal environment.
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Figure 2. Annual average the mean annual surface temperature (MAST) during the period 2000 to
2017. (a) Daytime; (b) Nighttime.

To clearly specify the temperature differences among the different physiographical regions,
Figure 3a-e illustrate the temperature histograms of both the daytime and the nighttime annual mean
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MASTs of each physiographical region, from High Himalaya to Terai Plain. From the mean values of
each region, there is no doubt that the daytime LSTs are all higher than the nighttime LSTs. Regarding
the temperature distribution patterns in the daytime and nighttime, there is an obvious temperature
intersection within the mountainous regions (High Himalaya, High Mountains, and Middle Mountains)
for both the daytime LSTs and the nighttime LSTs. However, this phenomenon disappears in the
Siwalik Hills and Terai Plain, where the daytime LSTs are all higher than the nighttime LSTs. In the
Terai Plain, this difference reaches 5 K. In addition to the day-night difference, the standard deviation
of the temperature distribution in each region exhibits a decreasing trend from the High Himalaya to
the Terai Plain, regardless of the temperature during the day or night. The daytime MAST has the
biggest decrement, from 7.39 K in the High Himalaya to 1.2 K in the Terai Plain. All of the above
phenomena indicate a strong influence, from topographic changes to the surface temperature evolution,
and the effect becomes stronger with the increase of the surface topographic complexity, resulting in
the amplification of the surface temperature variation.
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Figure 3. Histograms of the daytime and nighttime MASTs in each physiographical region. (a) High
Himalaya, (b) High Mountains, (c) Middle Mountains, (d) Siwalik Hills, and (e) Terai Plain.



Remote Sens. 2019, 11, 900 8 of 19

3.2. Temperature Trend Analysis

3.2.1. Regional Analysis

In addition to the analysis of the regional distribution patterns presented above, the average
MAST of each physiographical region was calculated for each year to analyze the temporal variation.
Figure 4a—e show the trend detection results of the daytime MAST of each region determined through
a linear trend analysis. Regarding the linear regression performance, the low value of the coefficients
of determination (R?) of each region clearly indicates that the MAST value at the regional level doesn’t
have a significant trend. No trend detection passed the significant test at the confidence level of 0.95.
The results show that there is no obvious trend for the daytime MAST in each region.
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Figure 4. Temporal variation and linear trend of the average daytime MAST in the (a) Terai Plain,
(b) Siwalik Hills, (c) Middle Mountains, (d) High Mountains, and (e) High Himalaya during the period
from 2000 to 2017. (*Significant at a 95% confidence level).

However, the trends detected for the nighttime MAST of each region, as shown in Figure 5a—e, are
quite different from the daytime results. The linear trends in the nighttime MASTs are much more
obvious than those of the daytime MASTs, and most of them pass the significance test except for the
High Himalaya. Although the MAST in the High Himalaya indicates an increasing but nonsignificant
trend, the positive change rate for all of the regions implies a warming effect during the study period,
and the magnitude of this variation is generally larger in the mountainous regions than in the Terai
Plain. The results of this trend analysis indicate that the nighttime LST shows a stronger variation than
the daytime LST.
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Figure 5. Temporal variation and linear trend of the average nighttime MAST in the (a) Terai Plain,
(b) Siwalik Hills, (c) Middle Mountains, (d) High Mountains, and (e) High Himalaya during the period
from 2000 to 2017. (*Significant at a 95% confidence level).

3.2.2. Spatial Distribution of Temperature Variations

To further investigate the temperature variations in detail, the MK test was applied to the yearly
MAST. The results of this analysis of significant change areas and their corresponding change rates are
given in Figure 6. Most of the areas with a significant variation present an increasing trend. However,
upon comparing the daytime MAST change pattern with the nighttime MAST change pattern, it is
clear that the former (shown in Figure 6a) occurs over a considerably small area (12.7%), and the
variations are located mainly in the Terai Plain, Siwalik Hills, and the boundary areas between the
High Mountain and High Himalaya. Hence, the regional analyses shown in Figure 4 generally present
a weak increasing trend. In contrast, the nighttime MAST exhibits a more significant change pattern,
as presented in Figure 6b. Except for the High Himalaya region, most of the other four regions
display a positive trend in the LST. The changing area occupies 31.0% of the study area. These results
confirm the significant changes detected from an analysis of the nighttime MAST at the regional level
shown in Figure 5. Compared with the change rate for the daytime MAST and nighttime MAST, the
daytime MAST has a general higher rate with a mean value of 0.0102 °C/yr than the nighttime MAST
(0.048 °C/yr). The daytime variation has a wider distribution than the nighttime variation according to
their standard deviation values, shown in Figure 6.
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Figure 6. Change rates in significant changing areas of the (a) daytime MAST and (b) nighttime MAST
during the period from 2000 to 2017.

To deepen the understanding of the temperature temporal variation, the MAXT data was derived
to perform a similar trend analysis. As shown in Figure 7, the change pattern of MAXT is quite similar
to the distribution of the significant change areas of the MAST shown in Figure 6. Most of the detected
areas have a striking increasing trend during the study period. Although there is a small increase in the
change areas (7.7%) for the daytime MAXT (Figure 7a), it presents a weaker warming effect than the
nighttime MAXT, and the location of the changing areas is quite similar to that of the daytime MAST.
In contrast, for the nighttime MAXT, 28.2% of the study area exhibits a significant increasing trend.

Moreover, the magnitude of the change in MAXT is generally higher than that of the change in
the MAST for both daytime and nighttime, with average values of 0.190 °C/yr in the daytime and
0.091 °C/yr in the nighttime. The daytime changes are generally highly than those in the nighttime.
Moreover, the differences in the change rate illustrate the magnitudes of the warming effect over the
different regions well. The nighttime change detection in both Figures 6b and 7b shows that the areas
located around the boundary between the High Mountains and High Himalaya present the strongest
warming effect with the highest values.
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Figure 7. Change rates in significant changing areas of the (a) daytime MAXT and (b) nighttime MAXT
during the period from 2000 to 2017.

4. Factors Affecting the Temperature Increase

It is well known that land surface conditions are key factors in determining the surface temperature
evolution. Therefore, the vegetation cover condition greatly influences the surface thermal properties
due to the significant difference in the thermal conductivity between vegetation and bare soil. Due to
the suitable heat conditions and relatively sufficient water supply for vegetation growth in Nepal, the
general vegetation cover conditions there are considerably good, as indicated by the average maximum
NDVI map shown in Figure 8. Most parts of the study area have a high maximum NDVI with a value
exceeding 0.6. Only the High Himalaya region is relatively poorly vegetated due to either snow cover
or glaciers. Therefore, the small variation in the vegetation coverage over the high vegetated surface
should present a limited effect on the surface temperature variation. However, under the circumstances
that involve significant changes in the surface cover type, there must be significant changes in the
LST. According to this point, the driving factors associated with the temperature increase should be
concluded to be the following aspects.
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Figure 8. Annual average maximum normalized difference vegetation index (NDVI) map of Nepal
during the period from 2000 to 2017.

4.1. Urban Expansion

The metropolitan city of Kathmandu, located in the Kathmandu Valley, is the capital city of
Nepal, and it boasts the most rapid urbanization rate throughout the Himalayas. According to the
urban growth monitoring study conducted by Ishtiaque, et al. [43], the urban built-up area changed
from 4712.88 hectares in 1999 to 11,020.62 hectares in 2016, based on Landsat images; this large area
was converted mainly from agricultural land. The change of the urban area is simply delineated
with a dashed yellow line in Figure 9b,c: this clearly presents the change during the period 2000 to
2017. A large expansion of the built-up area is clearly reflected by a reduction in the vegetation cover,
especially on the outskirts of the city. Therefore, the fast expansion of the built-up area significantly
changes the surface thermal properties. Under the impacts of the urban heat effect, it is reasonable that
the urban LST would exhibit a significant warming trend during this period. Therefore, most of the
urban areas present a strong increasing trend as shown in Figure 9a, with the maximum change rate
close to 0.15 °C/yr.

(a)

Change rate of MAST (°Cfyr) Kathmandu in 2000 Kathmandu in 2017

n- ; -l' - (Landsat-5 image, Jan. 15th) (Landsat-8 image, Dec. 31st)

Figure 9. (a) Change rate of the daytime MAST in Kathmandu during the period from 2000 to 2017;
(b) false color image of Kathmandu in 2000 acquired from Landsat-5 satellite data; and (c) false color
image of Kathmandu in 2017 acquired from Landsat-8 satellite data.
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4.2. River Course Shift

In the Terai Plain, most rivers are braided in the Bhabar zone, a gently sloping region of coarse
alluvium below the Siwalik Hills, and these rivers tend to change their course frequently. These rivers
usually carry large amounts of sediments, causing their bed level to rise; the flatness of the terrain over
which they flow results in frequent shifts in their course. In many cases, these rivers migrate such that
they flow through cultivated lands. Among these rivers, the Karnali River, located in far western Nepal,
is one of the most dynamic rivers in Nepal. The dynamic nature of Karnali is reflected by its erosive
nature and high capacity to carry silts and sands originating from higher elevations. It is estimated that
the Karnali River provides approximately 25% of Nepal’s total runoff [44] and carries approximately
20% of Nepal's total sediment load. The sediment load in the Karnali River was estimated to be
approximately 218 million tons per year [45]. The monsoon season (June-September) alone carries
more than 90% of the annual sediment load. In addition, numerous flood events have occurred since
2000, including events in 2000, 2008, 2009, 2013, and 2014. The large amount of sediment transported
by this river has a strong potential to destroy agricultural land and natural vegetated surfaces along
the river course, thereby reducing the vegetation index. Figure 10b,c displays the changes of the river
downstream reflected by the comparison between the false color images acquired from Landsat-8 and
Landsat-7 in 2017 and 2000, respectively. The river course shifted to the west branch, resulting in less
water flowing through the east branch and a significant increase in the LST, as shown in the subregion
sl in Figure 10a. A very strong change rate in the MAST can be observed in this region, with a value
above 0.2 °C/yr. Meanwhile, the lack of water supply from the east branch changes the surface water
condition in the eastern part and results in a relatively wide area of temperature increase.

¢ ,, i Lﬂ%f

Karnali river course in 2000 Karnali river course in 2017
(Landsat-7 image, Oct. 10th) (Landsat-8 image, Oct. 17th)

Change rate of MAST (°C/yr)

0 0.25

Figure 10. (a) Change rate of the daytime MAST in the downstream part of the Karnali River in the
Terai Plain during the period from 2000 to 2017, (b) false color image of the Karnali River course in
2000 acquired from Landsat-7 satellite data, and (c) false color image of the Karnali River course in 2017
acquired from Landsat-8 satellite data.

Changes in the river course cause significant changes in the surface thermal properties by
transforming vegetated surfaces into barren river beds, thereby influencing the water condition
along the river course. This phenomenon is reflected exactly by the significant temperature increase
represented by the daytime MAST and MAXT, and similar variations can be found in other parts of the
Terai Plain.

4.3. Snow and Glacier Retreat

The land surfaces of high-elevation areas, especially the High Himalayan region, are frequently
covered by snow or glaciers. However, due to the warming effect of climate change, there is
overwhelming evidence of rapid deglaciation in the Himalayas [10]. In addition, the major anthropogenic
pollutant, black carbon, has been shown to significantly impact all of the Hindu-Kush, Karakorum and
Himalayan mountain ranges by inducing an increase in the net shortwave radiation at the surface by an
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annual mean of 1 to 3 W/m? and a localized warming between 0.05 and 0.3 °C [46]. This effect is clearly
reflected by the reduction in the duration of the snow cover. The changes detected during this period,
based on the MODIS 8-day snow cover product, confirm this impact. As illustrated in Figure 11a,b,
the average snow cover duration, recorded as the number of observations per year, demonstrates a
general decreasing trend. The mean value changed from 28.63 in 2001 to 28.38 in 2017, which equals
2 days. Due to the lack of fully annual coverage for the MODIS product in 2000, the MK trend test was
applied to the data from 2001 and 2017. The detection shown in Figure 11c indicates that the areas with
a decreasing snow cover duration are located primarily at the edges of the glaciers situated along the
boundary between the High Mountains and High Himalaya regions. The spatial distribution of the
snow cover duration is quite consistent with the distribution of the most significant change areas shown
in Figures 6 and 7. The mean change rate is -0.31 observations per year, with 2.4 days per year. There is
no doubt that reductions in the snow and glacier cover will change the surface albedo, which in turn
will increase the surface air temperature and surface temperature, thereby acting as a positive feedback
mechanism. Compared to other driving factors, it is clear that the retreat of snow and glacier has the
strongest effect. Behind this warming trend, this change will serve as a positive feedback to the thermal
environment in those regions.

80°E 82°E 84°E 86‘°E 88°E
(a) 2001 : swoo|
& 4 = 25001 Mean=28.63 z
(= | SD=1333 E=]
1) - 20000 -
/,:' L5000 |
: 10000-{
' 000 T T I—I
( .
L
et o m P m
. Number of sbservation with snow cover in um
Z Zz
%1 Mo
a L a
—y
i
— T -
.
30000
QZ | \:) ean=28.38 oz
g 00! SD=13.10 k
B g | ]
£ 15000 |
10000 o
ﬂm‘ __;,,*’ T
LT \ [Tt
o | A11
10 21' 30 4\) 50
Number of observation with snow cover in 2017
z z
e oo
& [
80°E
(c) Rate aano
3500
Z il Mean=-0.31 z
=% ] SD=0.20 =]
[ ~ £ 2800, A
b 2000
& 1500+
J 1000
(f :wm.: o
‘ ol )| b —
™ . 1.0 0s Lo
e B Change ru(xzmann)
z A z
] - [
T "
T T . =T = =
80°F 82°F 84°F 86°E 88°F

Change Rate (observation/yr)

s -,
[__1High Himalaya

0 50 100 200 km -1.2 1.2

Figure 11. Number of observations with the snow cover in (a) 2001 and (b) 2017, based on the MODIS
8-day snow cover product; and (c) the trend test during the period from 2001 and 2017.
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4.4. Impacts from Climatic Warming

In addition to the LST increase induced by variations in the surface cover condition, the general
climatic warming environment represents an important background for analyzing the temperature
variations. Although in situ meteorological observations have been acquired over a relatively short
period of time in Nepal, the observations indicate that the near-surface air temperature is increasing at
a rather high rate with an average annual temperature increase of 0.06 °C between 1977 and 1994, as
analyzed by Shrestha, et al. [5]; their study also found that the warming effect is more pronounced in
higher-altitude Nepalese areas, such as the High Mountains and High Himalaya regions, while the
warming effect is significantly weaker or even lacking in the Terai Plain and Siwalik Hills. Previous
studies have also revealed a continuing rise in the maximum temperature at an annual rate between
0.04 °C and 0.08 °C [47].

In this study, we selected six meteorological stations, including one station on the Tibetan Plateau
and one station in India close to the eastern edge of Nepal, distributed throughout different parts
of this region. Figure 12a—f show the temporal trend of the annual mean air temperature of these
stations since the 1970s. Although some stations have data gaps during this period, the trend analysis
indicates that most stations exhibit a significant increasing trend, which agrees well with the findings
of Shrestha, et al. [5]. Therefore, the study area experienced a definitive warming environment during
this period, and the impact was likely stronger for the nighttime LST, according to the wide distribution
of increased temperatures.
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Figure 12. Temporal trend of the annual mean near-surface air temperature observed at six selected
meteorological stations: (a) Surkhet, (b) Tingri, (c) Kathmandu, (d) Bagdogra, (e) Chame, and (f)
Dhankuta. (* Significant at a 90% confidence level; ** Significant at a 95% confidence level).

4.5. Elevation-Dependent Warming Effect

Besides the commonly considered factors discussed above, the topographic condition should be an
important factor affecting the surface temperature variation due to the typical mountain environment
in the Central Himalayas. Studies have clearly indicated that there is a growing evidence that the
rate of surface warming is amplified with the elevation. For example, the high-mountain regions
usually have a bigger increasing rate than those at the low land [48]. This phenomenon is referred
to as the elevation-dependent warming (EDW) effect. In this study, the elevational distribution of
the MAST change rate shown in Figure 13 clearly evidences this impact. A general increasing trend
can be observed for both the daytime and nighttime MAST, in spite of the short decreasing trend in
the daytime change rate during the low-elevation ranges (0 to 1600 m). The decreasing trend in the
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daytime change rate (Figure 13a) in the low-elevation areas should be attributed to the significantly
warmer environment than the high-elevation mountain areas. The warming effect is more complicated
in the low-elevation areas. However, the nighttime change rate as shown in Figure 13b exhibits a
consistent increasing trend with the increase of elevation, and the comparison between the daytime
and nighttime change pattern confirms the conclusion indicated by the Mountain Research Initiative,
et al. [48] that the minimum temperatures (referred as the nighttime temperatures) show a stronger
tendency towards EDW than the maximum temperatures (referred as the daytime temperatures).
In addition to the change pattern, the change rates of the daytime MAST are all higher than those of
the nighttime MAST.
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Figure 13. Distribution of the change rate of the daytime and nighttime MAST at different elevation
ranges.

5. Conclusions

Based on both daytime and nighttime MODIS/Terra daily LST products spanning the period from
2000 to 2017, the present study provided new insights into the dynamics of the thermal environment
over the Central Himalaya by analyzing the spatiotemporal variability of LST. To eliminate the impacts
of cloud cover conditions, especially during the monsoon season, an ATC model was applied to
approximate the annual LST cycle and to obtain periodic parameters to describe the surface temperature
yearly variation, including the annual mean and maximum values (MAST and MAXT), during both
daytime and nighttime.

A reasonable spatial distribution pattern of the LST was observed for the daytime MAST and
nighttime MAST over the whole region, where the surface temperature decreases with an increasing
surface elevation. The average temperatures in the five physiographical regions displayed significant
characteristics associated with their distinct topographic conditions, and the higher-elevation regions
showed wider variations than the lower-elevation regions due to topographic complexities.

The trend analyses of the MAST and MAXT indicated a similar spatial distribution pattern.
Most significantly changing areas demonstrated a positive trend, and nighttime changes were more
significant than daytime changes according to the area statistics. This finding suggests that the
nighttime LST is more sensitive to environmental changes than the daytime LST.

Behind the thermal environment variation, changes in the land surface cover are an important
triggering factor, and their impacts can be reflected by the urban expansion, river course shift,
and the retreat of the snow and glacier cover. In addition, the general warming environment
revealed by the near-surface air temperature observations is one of the driving forces for the surface
temperature increase.

Unlike previous studies based on in situ near-surface air temperature analyses, this study provided
anew approach to better understand the climate change pattern over the Central Himalaya. The results
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clearly indicated a significant warming trend in the surface thermal environment throughout most of
the study area and clearly classified their forcing factors. It suggests that climatic warming plays an
important role in this variation, but that human activities also greatly accelerate the observed warming
effect with variations in the surface cover condition. There is no doubt that the warming trend should
further influence the montane ecosystem provision and modify the major hydro-ecological processes
over the study area. However, as a comprehensive analysis, the result finds it hard to discriminate the
quantitative contribution of climate change on the local thermal environment from other factors. This
should be a further research direction, to predict its impact, especially in the High Himalaya region.
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