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Uttarakhand, a hill state of India, covers an area of 51,125 km2. The geographic position is highly crucial
with in the Central Himalayas (CH), for agro-climate, water resource management, food-processing,
tourism, etc., having enriched bio-diversity and forest. Present study investigates the spatio-temporal
characteristics and distribution of temperature of Uttarakhand state. Observation and model (under
different Representative Concentration Pathways (RCPs) at radiative forcing 2.6, 4.5 and 8.5 W/m2)
temperature Belds are studied to assess the present and future trends. Standard temperature Belds from
AphroTemp, Climate Research Unit (CRU) and ECMWF Reanalysis-Interim (ERA-Interim) are used.
Attempt is to Bnd orographic responses on the surface temperature at seasonal scale. Elevation dependent
warming (EDW) is higher at higher elevations as compared to lower elevations. In particular, it reaches to
maximum during Indian summer monsoon months (JJAS) as estimated from AphroTemp during
1970–2007. Munsiyari region experiences highest warming rate by 0.038°C/decade. Elevational temperature trends show higher increase with statistical significance at 99% conBdence level from \500 to
3000 m elevation belt during JJAS. For elevation [3000 m, highest warming trend is observed during
MAM. Further, temperature trends analysed using one of the regional climate models REMO of the
CORDEX-SA suite, depict an increase by 0.019°C/yr. Future temperature trends under RCP2.6, RCP4.5
and RCP8.5 show warming trends by 0.008°, 0.022°, and 0.064°C/yr, respectively.
Keywords. Uttarakhand; temperature; warming; trends.

1. Introduction
Global warming refers to the continuous rise in the
average temperature of the Earth’s surface air, and
oceans due to the greenhouse eAect. As per the
Fourth Assessment Report by the Intergovernmental Panel on Climate Change (IPCC 2007), the
global mean temperature (Tmean), averaged over
land and ocean surfaces, increased by 0.76°C and
0.19°C between the Brst 50 years of the instrumental
record (1850–1899) and the last 5 years (2001–2005)

with a linear warming trend of 0.74°–0.18°C over
the last 100 years (1906–2005). In recent decades,
the rising global atmospheric temperature is one of
the major environmental and social issues all over
the world, as manifestation of global warming is
attributed to the maximum (Tmax) and minimum
(Tmin) temperatures due to their association with
cloudiness, winds, soil moisture, precipitation, and
humidity over land areas (IPCC 1990).
The study region, a hill state of Uttarakhand,
India, is located at the Central Himalayas (CH)
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foothills encompasses geographic position between
28°–31.5°N and 77.5°–81.4°E. The geographical
area is *51,125 km2; out of which 93% is mountainous, 65% is forest-covered with high bio-diversity having glaciers at the higher elevations.
Geographically, it is categorized into four major
sub-regions: Terai and Bhabar (175–600 m),
Shiwalik (600–1200 m), Lesser Himalaya (1200–
3000 m) and Greater Himalaya (3000–7000 m).
Different studies by different workers reported
different peak values of Shivalik range in
Uttakharand. Yadav et al. (2015) reported highest
elevation of Shivalik ranges in Uttarakhand as
1390 m. Topography of the study region is shown
in Bgure 1. The climate of the state is predominantly distinguished into two divisions: the major
hilly terrain and smaller lower plains. Uttarakhand
receives 80% of annual rainfall during Indian
summer monsoon (June, July, August, September:
JJAS). This analysis is specifically carried out
under National Mission on Himalayan Studies
(NMHS) conceptualized under Ministry of Environment, Forest and Climate Change (MoEF&CC)
of India. Results will enable policy-planners-governance to take decisions upon various areas and
adaptation.

1.1 Temperature pattern
The surface temperature over a particular geographic region varies seasonally and annually
depending on latitude, altitude and location with
respect to geographical features such as water body
(lake, river or sea), mountains, etc. As hydrological
cycle is thermally-driven system, rise in temperature accelerates this cycle. Several previous studies
investigated the temperature trends over different
geographic locations at different temporal scales
and to Bnd out possible future temperature.
Srivastava et al. (1992) gave the Brst identiBcation
that diurnal asymmetry of temperature trends over
India is very unique than other parts of the globe.
Rupa Kumar et al. (1994) examined trend of Tmax
and Tmin using 121 stations data over India for
1901–1987 period and found increasing Tmax and
trendless Tmin, resulting in rise in mean and diurnal
temperature range (DTR). Another study by Pant
and Kumar (1997) showed significant warming trend
as 0.57°C/100 yrs. The magnitude of warming was
higher in winter and post-monsoon seasons. They
also observed that there is a significant negative
trend in monsoon temperature over northwest India.
From previous studies, it is evident that the increase

Figure 1. Topography (m) of the state of Uttarakhand.
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in soil moisture, cloud cover, and precipitation (Karl
et al. 1993; Dai et al. 1997, 1999) are major factors
responsible for the reduction in DTR. Arora et al.
(2005) found that there was an increase of 0.42°C/
100 yrs in annual mean temperature; 0.92°C/100 yrs
in mean Tmax; and 0.09°C/100 yrs in mean Tmin.
Study also indicates that the percentage of significant increasing trends is high in most cases. Kothawale and Rupa Kumar (2005) analysed Indian
temperature (1901–2003) and reported that the
annual Tmean has increased as 0.05°C/decade, while
Tmin showed a weak and statistically insignificant
increasing trend. Additionally, it was also stated
that during recent decades (1971–2003), an accelerated warming in Tmean (0.22°C/decade) has been
observed; which is evident from Tmax and Tmin. Vose
et al. (2005) analysed global temperature data during 1950–2004 and reported that Tmin has increased
(0.204°C/decade) more rapidly than Tmax (0.141°C/
decade), resulting in a significant decrease of DTR.
Whereas, during recent decades (1979–2004), the
increase in Tmax is comparable to Tmin which
weakens the negative trend in DTR. Bhutiyani et al.
(2007) observed an increasing trend in Tmin, Tmax,
Tmean and DTR over the northwest Himalayan
region during 20th century. Study by Kothawale
et al. (2010a, b) found accelerated warming during
1971–2007 period and this was attributed mainly to
intense warming in the decade 1998–2007. During
1998–2007, Tmax was significantly higher as compared to the long-term (1901–2007) mean over India,
but showed stagnated trends, whereas Tmin displayed an increasing trend. Study also found that
global annual Tmean and seasonal (DJF, MAM, JJAS
and ON) temperature during 1901–2007 have significantly increased by 0.82, 0.89, 0.94, 0.72 and
0.76°C/100 yrs, respectively. Investigating the seasonal and annual trends in air temperature, there is a
significant increasing trend in annual Tmean (0.51°C/
100 yrs), Tmax (0.72°C/100 yrs), and Tmin (0.27°C/
100 yrs) is noticed. Jain and Kumar (2012) analysed
Tmax and Tmin for India and reported that Tmax
showed significant rising trend as 0.008°C/yr during
monsoon; 0.014°C/yr during post-monsoon and
0.008°C/yr in annual during 1914–2003 for central
northeast India. They also found significant rising
trend in Tmin (0.002°C/yr) during monsoon.

1.2 Role of elevation
Topography in the mountainous region plays a
crucial role in modifying the wind Cow. Near-
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surface temperatures are directly inCuenced by
land surface interactions, whereas, vertical column
of air temperatures experience less or no direct
surface inCuence, though it is still inCuenced by
surface interactions through convective processes
(Vimont 2010). Pepin and Losleben (2002) indicate
that the surface temperature is highly modiBed by
the terrain, while the free tropospheric temperature is not. The elevation dependent warming
(EDW) is important for a number of reasons.
Firstly, an increase in elevation changes surface
climate and impose greater impacts on higher
elevation hydrological cycles, bio-diversity and
ecosystems. Secondly, reinforced retaliation at
higher elevations may be utilized as an early
warning tool for detection of climate change. Several previous studies indicate that higher elevation
is more sensitive to global warming than any other
parts of the world (Filippo et al. 1997; Beniston
2003; Pepin and Lundquist 2008; Kang et al. 2004).
Beniston and Rebetez (1996) pointed out that at
higher elevation, rate of warming is higher due to
the fact that higher elevations are more in direct
contact with the free troposphere than lower elevations; thus, less aAected by anthropogenic factors, such as urbanization, pollution, etc. Many
earlier studies have suggested that mountainous
regions have warmed at higher rate than their low
elevation counterparts often with greater increases
in daily minimum temperatures than daily maximum temperatures (Beniston et al. 1997; Liu et al.
2009; Pederson et al. 2010). Continuous warming
trend at high altitudes could significantly modify
the regional hydrologic process in mountains (Nijssen et al. 2001). Increased warming will cause
decreases in winter and spring snowpack leading to
a reduction in summer Cows (Arnell 2003; Saunders et al. 2008). In the mountainous region, small
shifts in precipitation regimes may cause widespread disruptions of freshwater availability
(Beniston et al. 1997). Therefore, increased evaporation from warming in elevated regions could
cause severe drying in summer months (Beniston
2003). Most of the climate models consistently
show enhanced warming in mountainous region
than found in observations (Pepin and Lundquist
2008). Pepin et al. (2015) described that mountain
temperatures are increasing at a faster rate than
the global average. Himalayas are also warming at
a faster rate than that of the nearby Indian land
mass. The annual mean surface temperature over
the Hindu Kush Himalaya (HKH) increased at a
rate of about 0.1°C per decade during 1901–2014,
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2.1.3 ERA-Interim data

with a faster rate of warming of about 0.2°C per
decade during 1951–2014 (Sabin et al. 2020). Pant
et al. (1997) provides more information related to
climate history of the Himalayas and eAects of
climate change on Himalayan weather systems.
Accelerated warming over the mountainous peaks
and valleys exert profound impacts on the climatedependent sectors like agriculture and water
resources of the Himalayan region, therefore
endorsing a robust and reliable future outlook of
the regional climate (Shrestha et al. 2015; Sharma
et al. 2019). However, enhanced warming scenarios
with elevations is not always observed all over the
globe as some studies found contrasting pattern
too.

Study also uses 2 m temperature data at daily four
times steps in order to calculate diurnal temperature and its trend particularly for monsoon
(1979–2007) over Uttarakhand. Dataset is available at different spatial resolutions, but this study
uses 0.25° spatial resolution data. Vertical proBle
of temperature data at 15 pressure levels (1000,
975, 950, 900, 850, 800, 750, 700, 600, 500, 400, 300,
200, 150, 100 hPa) is also been used to study
proximity of saturation vapour pressure at the time
of rainfall events. All these data are downloaded
from the link: http://apps.ecmwf.int/datasets/
data/interim-full-daily/levtype=sfc/.

2. Data and methodology

2.1.4 IMD rainfall data

The different datasets and methodology used in
this study are discussed in this section brieCy.

2.1 Data
All the datasets used in this study are described in
this section brieCy.

India Meteorological Department (IMD) gridded
rainfall product (0.25° 9 0.25°) is used to validate
the rainfall estimates over Uttarakhand. This
quality dataset is prepared by using 6995 raingauge stations in India for 1901–2013 (113 yrs).
The spatial distribution and/or characteristics of
rainfall in heavy rainfall areas and orographic
regions is better represented using this dataset due
to the higher spatial resolution and density of the
network stations (Pai et al. 2013, 2014).

2.1.1 APHRO data
Present study uses AphroTemp (V1204R1) data at
0.25° spatial resolution at daily scale during
1970–2007 over Uttarakhand and its sub-regions.
The dataset is prepared using rain-gauge-observation network (refer Yatagai et al. 2011, 2012).
Details on this product and interpolation technique
used while preparing this quality dataset is referred
therein. Due to having vertical and horizontal
gradient discretised at the time of preparation, this
dataset is considered better for climate analysis
over the Himalayas and its sub-regions.
2.1.2 CRU data
Climate Research Unit (CRU) datasets (version
v3.23) of temperature (Tmax, Tmin and DTR) at
0.5° spatial resolution on monthly basis during
1970–2007 is used. These datasets are available at:
https://crudata.uea.ac.uk. For more details about
the process involved in procurement of this
monthly climatic observational datasets, Harris
et al. (2014) may be referred.

2.1.5 REMO data
The Regional Climate Model (REMO), a threedimensional hydrostatic atmospheric, is one of the
Regional Climate Models (RCMs) used in Coordinated Regional Climate Downscaling Experiment –
South Asia (CORDEX-SA). The model was
developed at the Max Planck Institute under the
advancement of German BALTIC Sea Experiment
(BALTEX) as an atmospheric component of the
coupled atmosphere–hydrology model system.
Further details of the model is available at http://
www.remo-rcm.de. Previous studies have shown
comparatively better performance of CORDEX–SA REMO model over the Indian Himalayan
Region (IHR) and reported with biases. Present
study used CORDEX-SA REMO data at 0.50°
spatial resolution for historical period (1970–2005)
and for future scenarios (2006–2100) using the
three Representative Concentration Pathways
(RCPs) at radiative forcing 2.6 W/m2 (RCP2.6),
4.5 W/m2 (RCP4.5) and 8.5 W/m2 (RCP8.5).
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2.1.6 SRTM data
The present study uses Shuttle Radar Topography
Mission (SRTM) digital elevation model (DEM) at
spatial resolution (* 90 m) to investigate the
orographic relationship with rainfall over
Uttarakhand. Geo-TiA format data (version 4) are
downloaded from the link: (http://www.cgiar-csi.
org/). In terms of accuracy, quality and usability,
SRTM provides more accurate measurements of
elevation and other topographic derivatives as
compared to coarser resolution digital elevation
models (Jarvis et al. 2004).
2.2 Methodology
All the datasets used in this study are extracted
from the geographic location 77.5°–81.5°E and
28.5°–32°N. Elevation data of SRTM *90 m resolution pixels are re-sampled to 0.25° spatial resolution by using nearest-neighbour approach as
temperature datasets are available at 0.25° spatial
resolutions. Study region is sub-divided into seven
elevation belts (B 500, 501–1000, 1001–2000,
2001–3000, 3001–4000, 4001–5000 and C 5001 m)
to investigate EDW; seasonal rate of temperature
and its trends along these elevation ranges.
2.2.1 Rate of warming
EDW rate is calculated for winter (December,
January, February: DJF), pre-monsoon (March,
April, May: MAM), monsoon (June, July, August,
September: JJAS) and post-monsoon (October,
November: ON) for the same geographic location
using AphroTemp data for the period 1970–2007.
2.2.2 Role of diurnal temperature range
Two-meter temperature data at daily 4-time steps
from ERA-Interim are collected during monsoon.
From each grid point, daily Tmax, Tmin, corresponding DTR, Tmean and DTR trends are derived.
DTR pattern is crucial during monsoon. Since Tmax
and Tmin datasets are not available in AphroTemp,
hence study choses this reanalysis datasets to
portray spatial distribution of DTR and its trends.

2.2.3 Trend analysis
Trend analysis of time-series data provides the
magnitude of trend and statistical significance.

Basically, the magnitude of trend in a time-series
is determined by either parametric test (regression analysis) or non-parametric test (Sen’s estimator method). Both the techniques considered a
linear trend in the time-series. In this study,
linear trend is calculated for CRU-TS datasets to
estimate decadal trends in Tmax, Tmin, DTR and
for area average IMD rainfall. The linear trend
represented by the slope of the simple leastsquare Bt and regression line indicates the rate of
rise/fall in the variable.

2.2.3.1 Mann–Kendall test: The present study
used non-parametric Mann–Kendall (MK) test for
determining the magnitude of trend present in the
temperature time-series data, where it checks the
null hypothesis (H0) of no trend vs. the alternative
hypothesis (H1) of the existence of increasing or
decreasing trend. For seasonal trend analysis, each
year is divided into four climatic seasons as mentioned above. Seasonal analysis for temperature
(1970–2007) is carried out to detect local trends in
the time-series.
In the present study, the magnitude of trend is
determined by using a non-parametric method
commonly known as Sen’s estimator (Sen 1968)
and statistical significance of the trend is measured using Mann–Kendall (MK) test. Magnitude
of trend is represented by equation (1). Several
previous studies employed the Sen’s method to
determine the magnitude of trend presence in
meteorological time-series data.
In this technique, the slopes of all data pairs are
initially calculated as:


xj  xk
Ti ¼
ðj  k Þ

for i ¼ 1; 2; . . .; N ;

ð1Þ

where xj and xk are data values at time j and k
(j [ k), respectively. Then median of these N
values of Ti is calculated as follows:
8
TN 1
>
>
< 2


b¼
1 TN TN þ2
>
>
:
þ
;
2 2
2

ð2Þ

b represents the Sen’s estimator of slope. A positive and negative value of b indicates an
increasing and decreasing trend in the time-series,
respectively.
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2.2.3.2 Significance of trend: Non-parametric
MK test has been used by a number of researchers
(Burn et al. 2004; Singh et al. 2008a, b; Kumar and
Jain 2010) to conBrm the presence of statistically
significant trend in climatic variables such as
temperature, precipitation leading to climate
change. The statistics (S) is calculated as follows:
S¼

N
1
X

N
X



sgn xj  xi ;

The above-mentioned statistics describes the
number of positive differences minus the
number of negative differences for all the
differences assessed. For large samples (N [ 10),
the mean and the variance can be described as
follows:
E ½S  ¼ 0;

ð3Þ

i¼1 j¼iþ1

where N is the number of data points. Taking
(xj  xi) = h, sgn(h) is evaluated as follows:
8
if h [ 0
<1
sgnðhÞ ¼ 0
if h [ 0 :
ð4Þ
:
1 if h [ 0

VarðS Þ ¼

N ðN  1Þð2N þ 5Þ 

ð5Þ

Pn

k¼1 tk ðtk

18

 1Þð2tk þ 5Þ

;

ð6Þ
where tk is the number of data points in the kth tied
group and n is the number of tied (zero difference
between compared values) groups. The Z-statistics
is calculated as follows:

Figure 2. Average rate of change of temperature for seasons (a) DJF, (b) MAM, (c) JJAS and (d) ON and (e) annual
(°C/decade).
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Table 1. Results of Mann–Kendall and Sen’s slope test for seasonal temperature (1970–2007)
trend along different elevation belts for Uttarakhand.
Elevation (m)

Seasons

B500

DJF
MAM
JJAS
ON
DJF
MAM
JJAS
ON
DJF
MAM
JJAS
ON
DJF
MAM
JJAS
ON
DJF
MAM
JJAS
ON
DJF
MAM
JJAS
ON
DJF
MAM
JJAS
ON

501–1000

1001–2000

2001–3000

3001–4000

4001–5000

C5001

Slope

Intercept

Test Z

Significance

0.00708
0.0122
0.0321
0.0159
0.0128
0.0152
0.0356
0.0209
0.0212
0.0158
0.0498
0.0335
0.0212
0.0159
0.0315
0.0249
0.0486
0.0536
0.0260
0.0307
0.0591
0.0744
0.0345
0.0363
0.0673
0.0828
0.0502
0.0466

15.1
26.1
28.9
23.5
12.3
22.1
24.9
20.2
9.33
18.3
21.3
16.9
5.29
14.3
18.6
13.5
 2.99
5.37
14.4
7.32
 7.14
1.21
12.0
4.05
 9.18
 0.723
10.6
2.42

0.64
0.98
3.31
1.95
1.22
0.95
3.49
2.60
2.00
1.50
4.41
3.54
1.92
1.58
3.68
2.71
2.94
3.28
3.54
2.68
3.36
3.60
3.83
3.15
3.39
3.96
4.64
3.81

Nil
Nil
***
+
Nil
Nil
***
**
*
Nil
***
***
+
Nil
***
**
**
**
***
**
***
***
***
**
***
***
***
***

Note: ***, **, * indicate that the trends are significant at 99%, 95% and 90% level of conBdence,
respectively. + Sign indicates trend is increasing.

8
S 1
>
>
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
>
>
>
varðS Þ
>
>
<
Z¼ 0
>
>
>
>
S þ1
>
>
>
: pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
varðS Þ

if S [ 0
if S ¼ 0 :

ð7Þ

if S\0

If the estimated value of —Z— [ za/2, the null
hypothesis (H0) is said to be rejected at a level of
significance.
3. Results and discussion
The study Brst investigates EDW rate over
Uttarakhand. It is observed that rate of warming is
higher in higher elevations than lower elevations.
Average rate of warming for all the seasons is shown
in Bgure 2. Rate of warming in DJF (Bgure 2a),

MAM (Bgure 2b), JJAS (Bgure 2c) and ON
(Bgure 2d) depicts that rate of warming reaches its
highest during monsoon at about 4000–5000 m elevation belt. Munsiyari region experiences highest
rate of warming for all the seasons and mean
warming rate (Bgure 2e) is 0.038°C/decade as estimated from AphroTemp datasets.
Analysis of MK test and Sen’s slope is described in
table 1. Increasing temperature trend is higher, with
statistical significance at 99% conBdence level, from
B500 to 3000 m elevation during JJAS (Bgure 3a).
For elevation above 3000 m, maximum contribution
of warming trend is observed during MAM with statistical significance at 95% conBdence level. Temperature intercepts shows decreasing tendency
(Bgure 3b) from lower to higher elevations indicating
maximum intercepts during JJAS. Negative intercepts are observed from elevation belts 3000 to
C5000 m during DJF. Z statistics from MK test is
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Figure 3. (a) Elevation vs. Sen’s slope estimates for temperature and (b) variation of temperature intercepts for four
seasons (DJF, MAM, JJAS and ON) along seven elevation
ranges.

described in table 1, which indicates highest positive
value of Z with statistical significance at 99% conBdence level is found along the elevation ranges during
JJAS.
Linear trends of area average Tmax, Tmin, DTR
and IMD rainfall for 1970–2007 are shown in
Bgure 4. It highlights decreasing trends in Tmax for
1970–1979, then increasing trend during
1980–1989, 1990–1999 and 2000–2007. Tmin shows

J. Earth Syst. Sci. (2021)130:33
decreasing trends during 1970–1979 and 1980–1989
and after that trends are found increasing during
1990–1999 and 2000–2007. IMD rainfall estimates
depict increasing trends 1970–1979, 1980–1989 and
1990–1999, and decreasing trends has been
observed during 2000–2007. Slope of the linear
trends for the above is described in table 2.
In order to study future trends of temperature over
the Uttarakhand, study further uses CORDEX-SA
REMO model temperature Beld. Figure 5(a) depicts
the average temperature pattern for historical period
1970–2005. Temperature for near future (2020–2049)
and far future (2070–2099) under RCP2.6, RCP4.5
and RCP8.5 are shown in Bgure 5(b–d and e–g),
respectively. It shows future warming scenarios for
Uttarakhand. Maximum warming is observed under
forcing RCP8.5. In addition, all over warming is seen,
though with as similar rates, which are discussed
later. Warming pattern is found increased from
southwest to the northeast part of the state. Overall,
it has a strong cross-sectional Himalayan gradient.
Further, spatial analysis of percentage change in
distribution of near future and far future temperature
under different RCPs from historical are shown in
Bgure 5(h–j and k–m) for near and far future,
respectively. Positive sign indicates that under different RCPs, future temperature will increase as
compared to historical period. It is observed that the
state will have more warming under RCP8.5 as
compared to RCP2.6 and RCP4.5. Higher percentage
changes in temperature are seen in lower elevations
than higher elevations. Most of these elevational
changes are seen across the Himalayas. Such changes
will be a great threat to bio-diversity and ecosystem of
the state.

Figure 4. Linear trends of Tmax (brown), Tmin (pink), DTR (Tmax  Tmin: green) in °C and IMD rainfall (mm, blue) for the
period 1970–2007.
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Table 2. Linear trends of Tmax, Tmin, DTR and IMD rainfall for Uttarakhand from 1970–2007.
Year
Trends
Tmax (°C/yr)
Tmin (°C/yr)
DTR (°C/yr)
IMD rainfall (mm/day)

1970–1979

1980–1989

1990–1999

2000–2007

0.13
0.0065
0.12
0.027

0.021
0.0097
0.031
0.012

0.12
0.14
0.013
0.053

0.067
0.024
0.043
0.11

Table 3. Trends historical and future temperature over Uttarakhand from REMO model analysis.
REMO
temperature

Slope

Intercept

Mean

SD

Remarks

Historical
RCP2.6
RCP4.5
RCP8.5

0.019
0.008
0.022
0.064

11.1
12.2
11.6
9.3

11.46
12.92
13.53
14.78

0.5450
0.5956
0.7971
1.8655

Increasing
Increasing
Increasing
Increasing

Figure 5. (a) Historical averaged temperature for 1970–2005. (b–d) Future average temperature under RCP2.6, RCP4.5 and
RCP8.5 for near future 2020–2049, respectively. (e–g) is same as (b–d), but for far future 2070–2099. (h–j) Percentage change of
temperature from historical for near future 2020–2049. (k–m) is same as (h–j), but for far future 2070–2099. Colour reCects
temperature variations in °C.

Further, trend analysis of historical and future
temperatures under different RCPs is highlighted
in table 3. It describes historical temperature

trends by 0.013°C/yr. It is important to mention
that in all along in future temperatures are seem to
be rising. Area averaged future temperatures under
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Figure 6. (a) Area averaged historical and future temperature
over Uttarakhand under RCP2.6 (pink); RCP4.5 (green) and
RCP8.5 (red). Dotted lines represent their trends (in same
colours). (b) represents mean (pink dots) and standard
deviations (red bars) of area averaged temperature in historical and future RCP2.6, RCP4.5 and RCP8.5 scenarios over
Uttarakhand.

RCP2.6, RCP4.5 and RCP8.5 show (Bgure 6a)
warming trends as 0.008°, 0.022° and 0.064°C/yr,
respectively. However, during this averaging elevational impact is not considered. But, all around
mean temperatures will increase (Bgure 6b:
box-whisker plot). It seems that variability of
temperature will remain similar in RCP2.6 and
RCP4.5 except RCP8.5, where it is increasing. By
virtue of this increased variability, standard deviation in temperature for RCP8.5 too is increased
(Bgure 6b: red bars). Due to reduced variabilities
in other two RCPs, standard deviations remained
lower.
Further to this, study investigates number of
warm days for historical period (Bgure 7a) as well
as for future scenarios under different RCPs
(Bgure 7b–d: near future and 7e–g for far future).
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In this study, ‘warm days’ are deBned as days
when the daily temperature exceeds the 95th
percentile temperature estimated over historical
period (1970–2005). Number of warm days portrayed for different futures (Bgure 7b–g) shows
that number of warm days is increasing from
lower forcing RCP2.6 to higher forcing RCP8.5.
In addition, highest number of warm days is
observed under RCP8.5 (Bgure 7g). Interestingly,
higher number of warm days will be more over the
mid-elevations of Uttarakhand. Figure 7(h–j and
k–m) shows the increased number of warm days
from the historical period for near and far future,
respectively. It is interesting to note that more
number of increased warm days are found across
southeast to northwest orientation of the elevations. In RCP8.5 (Bgure 7j, m) maximum number
of increased warm days are seen as compared to
corresponding warm days in RCP2.6 (Bgure 7h, k)
and RCP4.5 (Bgure 7i, l).
Trend analysis of temperature suggests to look
further into the JJAS temperature pattern, as
DTR in JJAS is one of the determining factors for
monsoon rainfall. In addition, there is a significant
moisture-temperature feedback mechanism works
over the Himalayas. Spatial distribution of Tmax,
Tmin, Tmean and DTR are portrayed in
Bgure 8(a–d) for JJAS over the study region. It
distinctly depicts that lower elevations have higher
temperature as compared to higher elevations.
Tmax and Tmin have very symmetrical distribution
and is all along the elevation orientation. Most
interesting distribution is of DTR, which is lowest
in the mid-elevation range. Both elevations sides of
it show higher DTR. It senses as in mid-elevation
regions either dampening of Tmax is happening or
strengthening of Tmin is happening or both. DTR
trend shown in Bgure 8(e) depicts that most of the
western part of the state has increasing trend than
eastern part having maximum trends in DTR by
0.045°C/JJAS.
Further to this, study investigates role of DTR
during JJAS over the state and found that DTR
reaches its minimum values. Figure 9(a) shows
that maximum rainfall occurs when there is lowest
DTR, i.e., when atmosphere becomes saturated
with moisture content. Area average saturation
vapour pressure during the JJAS shows stagnated
trends, while after the end of JJAS, it is found to
decrease. Study uses vertical proBle of temperature
at four-time steps in order to calculate saturation
vapour pressure by using Clausius–Clayperon
equation (Bgure 9b). It is also observed that during
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Figure 7. Number of warm days, above the 95th percentile temperature of the Uttarakhand for (a) historical period, (b–d) for
near future 2020–2049, and (e–g) for far future 2070–2099 under RCP2.6, RCP4.5 and RCP8.5, respectively. Colour
scheme indicates number of warm days. (h–j) ReCects increased number of warm days under RCP2.6, RCP4.5 and RCP8.5,
respectively, from the historical in near future. (k–m) is same as (h–j), but for far future.

Figure 8. (a) Tmax, (b) Tmin, (c) Tmean, (d) DTR (Tmax – Tmin) and (e) trend of diurnal temperature range averaged over
Uttarakhand for 1979–2007 period. Colour bar represents temperature in °C for (a–d), whereas colour bar for (e) is in °C/year.

the rainfall events vertical column of vapour
pressure reaches its saturation level and become
almost constant. Using one such event (cloudburst)

during 15–17 June 2013 over Uttarakhand, it is
found that vertical column of vapour pressure
reaches its saturation level.
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Figure 9. (a) JJAS daily average rainfall (blue), DTR (red) and saturation vapour pressure (cyan) estimates from area average
for Uttarakhand. (b) Shows vertical proBle of saturation vapour pressure at four times a day.

4. Conclusions
Temperature over the Himalayan foothill region is
highly variable with increase in elevation and
orographic winds further modulate the temperature gradient along different elevation belts. It is
further modulated by solar insolation as it changes
with seasons and moisture availability in the
atmosphere. Sharp variation in temperature Belds
represents the sensitivity leading to climate change
over the Uttarakhand. It has been observed that
higher elevation in the north-eastern part has
higher warming rate than southwestern part.
Warming rate is found maximum during JJAS at
4000–5000 m elevation belt. Munsiyari region of
the state shows highest warming rate by 0.038°C/
decade. Tmax trends found decreasing during
1970–1979, but after that during 1980–1989,
1990–1999 and 2000–2007 it increased. Tmin has
shown decreasing trend during 1970–1979, but
during 1980–1989, 1990–1999 and 2000–2007 it
displayed increasing trends. DTR trends show
negative trends during 1970–1979 and 1990–1999
as –0.13°C/yr and –0.013°C/yr, respectively.
Increasing trends has been observed during
1980–1989 and 2000–2007 as 0.031°C/yr and
0.043°C/yr. The study brieCy initiates the eDciency of CORDEX-SA REMO model in portraying the future temperature pattern over the
Himalayan foothill state, Uttarakhand. Future
temperature trends using CORDEX-SA REMO
Belds show increasing trend in the order of
0.019°C/yr during historical (1970–2005) and for
future temperature under RCP2.6, RCP4.5 and
RCP8.5 show increasing trend as 0.008°C/yr,
0.022°C/yr and 0.064°C/yr, respectively, which
differs from the study reported by Sabin et al.

(2020). The report described increase in surface
temperature in HKH region by 2.2 ± 0.9°C
(3.3 ± 1.4°C) for the near future; 2040–2069 (far
future; 2070–2099) of the 21st century, following
the RCP4.5 scenario and under the scenario
RCP8.5, the temperature increase in the HKH
region is projected to be 2.8 ± 1.2°C (4.8 ± 1.7°C)
for the near future (far future) of the 21st century.
The present study only investigates surface temperature past and future projection over a part of
HKH and interpret the temperature warming trend
in °C/yr. The report also mentioned that higher
elevations ([ 4000 m) of the Tibetan Plateau have
experienced stronger warming, as high as 0.5°C per
decade. Whereas, present study found that maximum warming takes place during the summer
monsoon months (JJAS) and maximum warming
rate is 0.05°C per decade between elevation 4000
and 5000 m. This difference may be attributed to
regional processes involved and energy atmosphere
feedback mechanism by radiative transfer process
which could be one possible reason for this difference. Another cause may be due to the availability
of soil-moisture and evaporative process in the
region, which can modulate the temperature
warming at higher elevation belts. Percentage
change in temperature depicts the footprint of
future warming scenarios for the state and area
average mean temperature is found increasing
under different RCPs. It has been also observed
that when the state received maximum rainfall
during the JJAS, there is minimum in DTR and
during those rainy days’ vertical column of vapour
pressure reaches its saturation point subject to
satisfying Clausius–Clapeyron equation. With the
advancement of monsoon season, there is significant decrease in diurnal temperature range.
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Gradient of temperature along the slope of the
terrain (on average seasonal scale) further modulates the saturation vapour pressure over the
region, which plays crucial role for monsoon rainfall; thus a good indicator of rainfall. Present study
concludes that due to the climate change impact,
the future climate of the Uttarakhand is going to
experience warming scenarios due to increase in
temperature. This projected scenario may significantly impact further on the local bio-diversity,
hydrology, and ecosystems.
Acknowledgements
The present study is a part of National Mission on
Himalayan Studies (NMHS) project work and the
authors convey thanks to the MoEF&CC for their
support and encouragement. We are thankful to
India Meteorological Department for providing
high resolution gridded rainfall data for research
purpose and COREDEX-SA for REMO data.
Author statement
AKB and APD conceived this study; AKB did
computation and prepared Brst draft of the
manuscript; AKB, APD and KK discussed and
Bnalized manuscript for submission.
References
Arnell N W 2003 EAects of IPCC SRES emissions scenarios on
river runoA: A global perspective; Hydrol. Earth Syst. Sci. 7
619–641.
Arora M, Goel N K and Pratap Singh 2005 Evaluation of
temperature trends over India; Hydrol. Sci. J. 50 81–93.
Beniston M 2003 Climatic change in mountain regions: A
review of possible impacts; Clim. Change 59 5–31.
Beniston M and Rebetez M 1996 Regional behavior of
minimum temperatures in Switzerland for the period
1979–1993; J. Theor. Appl. Climatol. 53 231–243.
Beniston M, Diaz H and Bradley R 1997 Climatic change at
high elevation sites: An overview; Clim. Change 36
233–251.
Bhutiyani M R, Kale V S and Pawar N J 2007 Long-term
trends in maximum, minimum and mean annual air
temperatures across the Northwestern Himalaya during
the twentieth century; Clim. Change 85 159–177.
Burn D H, Cunderlik J M and Pietroniro A 2004 Hydrological
trends and variability in the Liard river basin; Hydrol. Sci.
J. 49 53–67.
Dai A, Del Genio A D and Fung I Y 1997 Clouds, precipitation
and temperature range; Nature 386 665–666, https://doi.
org/10.1038/386665b0.

Page 13 of 14 33
Dai A, Trenberth K E and Karl T R 1999 EAects of clouds, soil
moisture, precipitation, and water vapor on diurnal temperature range; J. Clim. 12 2451–2473.
Giorgi Filippo et al. 1997 Elevation dependency of the surface
climate change signal: A model study; J. Climate 10
288–296.
Harris I, Jones P D, Osborn T J and Lister D H 2014 Updated
high-resolution grids of monthly climatic observations – the
CRU TS3.10 dataset; Int. J. Climatol. 34 623–642, https://
doi.org/10.1002/joc.3711.
Intergovernmental Panel on Climate Change (IPCC) 1990
Climate Change – The IPCC ScientiBc Assessment (eds)
Houghton J T et al., Cambridge Univ. Press, Cambridge,
UK, 365p.
Intergovernmental Panel on Climate Change (IPCC) 2007
Climate Change 2007: The ScientiBc Basis – Contribution
of Working Group I to the Fourth Assessment Report of
Intergovernmental Panel on Climate Change, Cambridge
Univ. Press, Cambridge, UK, 996p.
Jain S K and Kumar V 2012 Trend analysis of rainfall and
temperature data for India; Curr. Sci. 102(1) 37–49.
Jarvis A, Rubiano J, Nelson A, Farrow A and Mulligan M
2004 Practical use of SRTM data in the tropics: Comparisons with digital elevation models generated from cartographic data; http://srtm.csi.cgiar.org/PDF/Jarvis4.pdf.
Kang S, Lee D and Kimball J S 2004 The eAects of spatial
aggregation of complex topography on hydro-ecological
process simulations within a rugged forest landscape:
Development and application of a satellite-based topoclimatic model; Canadian J. Forest Res. 34 519–530.
Karl T R, Knight R W, Gallo K P, Peterson T C, Jones P D,
Kukla G, Plummer N, Razuvayev Lindseay V J and
Charlson R J 1993 A new perspective on recent global
warming: Asymmetric trends of daily maximum and
minimum temperature; Bull. Am. Meteorol. Soc. 74
1009–1022.
Kothawale D R and Rupa Kumar K 2005 On the recent
changes in surface temperature trends over India; Geophys.
Res.
Lett.
32,
L18714,
https://doi.org/10.1029/
2005gl023528.
Kothawale D R, Munot A A and Kumar K K 2010a Surface air
temperature variability over India during 1901–2007, and
its association with ENSO; Clim. Res. 42 89–104, https://
doi.org/10.3354/cr00857.
Kothawale D R, Revadekar J V and Rupa Kumar K 2010b
Recent trends in pre-monsoon daily temperature extremes
over India; J. Earth Syst. Sci. 119 51–65.
Kumar V and Jain S K 2010 Trends in rainfall amount and
number of rainy days in river basins of India (1951–2004);
Hydrol. Res. 42(4) 290–306.
Liu X, Cheng Z, Yan L and Yin Z 2009 Elevation dependency
of recent and future minimum surface air temperature
trends in the Tibetan Plateau and its surroundings; Global
Planet. Change 68 164–174.
Nijssen B, O’Donnell G M, Hamlet A F and Lettenmaier D
P 2001 Hydrologic sensitivity of global rivers to climate
change; Clim. Change 50 143–175.
Pai D S, Sridhar L, Rajeevan M, Sreejith O P, Satbhai N S and
Mukhopadhyay B 2014 Development of a new high spatial
resolution (0.25° 9 0.25°) long period (1901–2010) daily
gridded rainfall data set over India and its comparison with
existing data sets over the region; Mausam 65(1) 1–18.

33

Page 14 of 14

Pai D S, Sridhar L, Rajeevan M, Sreejith O P, Satbhai N S and
Mukhopadhyay B 2013 Development and analysis of a new
high spatial resolution (0.25° 9 0.25°) long period
(1901–2010) daily gridded rainfall data set over India,
NCC RR no. 1/2013. IMD, Pune.
Pant G B and Kumar K R 1997 Climates of South Asia, John
Wiley, Chichester, UK.
Pederson G T, Graumlich L J, Fagre D B, Kipfer T and
Muhlfeld C C 2010 A century of climate and ecosystem
change in Western Montana: What do temperature trends
portend?; Climate Change 98 133–154.
Pepin N C and Losleben M L 2002 Climate change in the
Colorado Rocky Mountains: Free air versus surface temperature trends; Int. J. Climatol. 22 311–329.
Pepin N and Lundquist J 2008 Temperature trends at high
elevations: Patterns across the globe; Geophys. Res. Lett. 35
1–L14701.
Pepin N et al. 2015 Elevation-dependent warming in mountain
regions of the world; Nat. Clim. Change 5 424–430.
Rupa Kumar, Krishankumar K and Pant G B 1994 Diurnal
asymmetry of surface temperature trends over India;
Geophys. Res. Lett. 21 677–680.
Sabin T P et al. 2020 Climate change over the Himalayas; In:
Assessment of Climate Change over the Indian Region (eds)
Krishnan R, Sanjay J, Gnanaseelan C, Mujumdar M,
Kulkarni A and Chakraborty S, Springer, Singapore, https://
doi.org/10.1007/978-981-15-4327-2˙11.
Saunders S, Montgomery C H, Easley T and Spencer T 2008
Hotter and drier: The West’s changed climate, Rocky
Mountain Climate Organization, 54p.
Sen P K 1968 Estimates of the regression coefBcient based on
Kendall’s tau; J. Am. Stat. Assoc. 63 1379–1389.
Sharma E et al. 2019 Introduction to the Hindu Kush
Himalaya assessment; In: The Hindu Kush Himalaya
Assessment-Mountains, Climate change, Sustainability

Corresponding editor: KAVIRAJAN RAJENDRAN

J. Earth Syst. Sci. (2021)130:33
and People (eds) Wester P, Mishra A, Mukherji A and
Shrestha A B, Springer-Nature, Switzerland.
Shrestha A B, Agrawal N K, Alfthan B, Bajracharya S R,
Mar
echal J and Van Oort B 2015 The Himalayan climate
and water atlas: Impact of climate change on water
resources in Bve of Asia’s major river basins; GRID-Arendal
and CICERO, ICIMOD.
Singh P, Kumar V, Thomas T and Arora M 2008a Basin-wide
assessment of temperature trends in the north-west and
central India; Hydrol. Sci. J. 53 421–433.
Singh P, Kumar V, Thomas T and Arora M 2008b Changes in
rainfall and relative humidity in different river basins in the
northwest and central India; Hydrol. Process. 22
2982–2992.
Srivastava H N, Dewan B N, Dikshit S K, Rao P G S, Singh S
S and Rao K R 1992 Decadal trends in climate over India;
Mausam 43 7–20.
Vimont D J 2010 Transient growth of thermodynamically
coupled variations in the tropics under an equatorially
symmetric mean state; J. Clim. 23(21) 5771–5789, https://
doi.org/10.1175/2010jcli3532.1.
Vose R S, Easterling D R and Gleason B 2005 Maximum and
minimum temperature trends for the globe: An update
through 2004; Geophys. Res. Lett. 32 L23822, https://doi.
org/10.1029/2005gl024379.
Yadav R, Panwar, Pankaj A, Swarn and Mishra P K 2015
Revisit of Shivalik Region in different states of northwestern India; J. Geol. Soc. India 86 351–360. https://doi.org/
10.1007/s12594-015-0322-4.
Yatagai A, Kamiguchi K, Arakawa O, Hamada A, Yasutomi N and Kitoh A 2012 APHRODITE: Constructing a long-term daily gridded precipitation dataset for
Asia based on a dense network of rain gauges; Bull.
Am. Meteorol. Soc., https://doi.org/10.1175/bams-d-1100122.1.

