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Abstract
There are emergent evidences that the rise in temperature in high altitude regions in comparison to low
altitude of the Himalaya is more rapid than other parts of the World. This Elevation-dependent warming
(EDW) can accelerate the rate of change in mountain ecosystems, including cryosphere, hydrology,
biodiversity and socio-economic systems. In this paper, we present Temperature Lapse Rates (TLRs) from
20 stations for three treeline transects representing different climate regimes along the Himalayan arc.
TLRs were calculated based on high temporal resolution data collected for two year (2017-18) from
complex mountain terrain of treeline environment. The annual mean TLR increased with decreasing
moisture, being markedly high at dry WH transect (-0.66℃/100 m) and lowest (-0.50℃/100 m) for moist
EH transect. The One-Way ANOVA con�rms that the TLR varied spatially, declining from West to East
across the Himalayan arc, and signi�cantly differ among seasons (F=3.2175; P = 0.03). The lowest mean
TLRs were found during the winter season (EH: -0.46℃/100m; CH: -0.40℃/100m; WH: -0.31℃/100m).
The monthly TLR varied within a narrow range (-0.49℃/100m to -0.54℃/100m) at EH transect,
-0.24℃/100m to -0.68℃/100m at CH transect and from -0.26℃ to -0.90℃ at WH transect with lowest
monthly TLR in December (-0.24 to -0.32℃/ 100m) for all three sites. Study shows moisture, snow
albedo and re�ectance play a key role as controlling factors on TLR in treeline environments. Higher
growing season temperatures observed for treelines in Himalaya (8.4±1.8℃, 10.3±1.4℃, and 7.5±2.7℃)
shows warmer treeline in Himalaya. The EDW may impact the dynamics of treeline, snow and moisture
regime, surface energy balance, increased water stress, species distribution, and growing season of
alpine vegetation in the Himalaya. The �ndings of the study could provide useful insight (ground-based)
to re-parameterize the climate models over the Himalayan region. This study can facilitate improving
interpolation of air temperature for ecological modeling studies in ungauged and the data-sparse regions,
especially for the higher Himalaya where ground based station data are extremely scarce.

1. Introduction
The Himalayan region, with the largest snow and ice cover mountainous region in the world, regulates
climate of a large landscape in the South Asia. It is home to major river systems, largest cryosphere area
outside the polar region, one of the global biodiversity hot spots, and support life of nearly 300 million
people (Xu et al., 2009). This region also holds signi�cant importance in terms of biological and socio-
cultural diversity, and encompasses wealth of a large number of endangered endemic species. This
region is experiencing swift changes driven by climate change and other anthropogenic factors such as
urbanization, infrastructure development, migration, tourism and globalization, which may lead to
enormous consequences; both at regional and global level (Sharma et al., 2019). The rate of warming in
Himalayas during past 102 years (1901–2003) in the last century has been higher (0.9-1.60C) than
average global warming rate with relatively higher warming during the recent decades (Bhutiyani et al.,
2007; Joshi and Kumar, 2013). Rise in both minimum and maximum temperatures has resulted into
relatively warmer winters in the region (Dimri and Dash, 2012). Earlier studies have also reported
enhanced warming in mountains with higher rates than land surfaces and greater increases in minimum
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temperatures than maximum temperatures (Diaz and Bradley, 1997; Beniston et al., 1997; Rangwala et al.,
2009; Liu et al., 2009; Qin et al.; 2009).

There are growing evidences that the rate of warming is ampli�ed with elevation; high elevation areas
including alpine region experience higher increase in temperature than lower elevation areas (Pepin et al.,
2015). This elevation-dependent warming (EDW) can modify various ecosystems in the mountain,
including cryosphere, hydrological regimes and biodiversity. EDW is governed by important feedback
mechanisms of snow, albedo, land surface, water vapor, latent heat release, and radiative �ux changes,
temperature change, and aerosols. Combinations of these factors may account for contrasting regional
patterns of EDW (Rangwala and Miller, 2010; Rangwala and Miller, 2012; Pepin et al., 2015). The study
from Tibetan Plateau by Yan and Liu, (2014) for 1961–2012 shows increase in warming rate with
elevation for annual mean temperature and minimum temperatures, both at annually and during autumn
and winter season. Similarly, EDW has been observed across other mountain regions (e.g. the Swiss Alps,
the Colorado Rocky Mountains, the Tibetan Plateau, the Himalayas, and the Tropical Andes) in response
to global or regional climate change (Pepin and Losleben, 2002; Rolland, 2003; Pepin and Seidel, 2005;
Blandford et al., 2008; Liu et al., 2009; Qin et al., 2009; Rangwala and Miller, 2010; Gilbert and Vincent,
2013, Joshi et al., 2018). These studies con�rm that high elevation regions including alpines are warming
more rapidly than lowland areas across the world.

The high-altitude environments are in�uenced by the free atmosphere temperature gradients or
temperature variation with altitude known as "temperature lapse rate (TLR)". TLR varies on daily and
seasonal scales in mountains (Müller and Whiteman, 1988; Blandford et al., 2008; Joshi et al., 2018) due
to local surface energy balance (Marshall et al., 2007) and different weather types or synoptic conditions
(Pepin, 2001; Kirchner et al., 2013). It is useful for determining the elevational distribution of temperature
along a transect in absence of the in-situ temperature measurements. In such cases, average temperature
gradients of -0.60 0C (Dodson and Marks, 1997) or -0.65 0C/100 m (Barry and Chorley, 1987) are often
used to simulate and model various ecological processes when high precision is not required. However,
temperature and precipitation gradients vary considerably with space and time and controlled by
topographical features in mountains. Hence, assuming a constant value of TLR may lead to inaccurate
results while examining elevation dependent warming and its impacts on different high-altitude
ecosystems.

Studies on temperature gradients for treeline environments and other high-altitude ecosystems in
Himalayan region are scarce (Shrestha et al., 1999). However, pioneering study by Joshi et al. (2018)
gave initial estimates of TLR and its variation for treeline environment in Western Himalaya. The study
showed that TLR for treeline in Himalayas, which varies seasonally and along aspect, is distinctly lower
(-0.53 0C/100 m) than commonly used value. In recent decades, air temperature at higher elevations has
increased more rapidly thereby decreasing near-surface air temperature lapse rates in warmer climate (Liu
and Chen, 2000; Qin et al., 2009; Wang et al., 2005; Rangwala et al., 2010; Pepin, 2001). Hence, the lower
value of mean TLR for treeline region in Western Himalaya may be due to the enhanced EDW in high
altitude areas and a consequence of global warming. The existing knowledge gap in this domain calls for
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further studies to analyse seasonal and synoptic variations in TLRs for climatically sensitive
environments such as treeline, alpine meadows, and cryosphere regions in Himalaya.

The major objective of the present study is to quantify the temperature lapse rate and examine spatial
variations of mean annual, seasonal and monthly TLRs for treeline transects representing different
climate regimes along Himalayan arc based on two year's in-situ instrumental records from 20 stations.
Our study gives statistics of monthly and seasonal TLR for tree line environments within Indian part of
Himalaya and explains the in�uence of important factors (air temperature, rainfall and relative humidity)
on lapse rate. We further examined whether treelines in Himalayas are warmer than the other mountain
ranges across the world and TLR for these environments in Himalaya are shallow than the commonly
used values. We made efforts to explain that the EDW, signi�ed by shallow TLRs, is ampli�ed with
elevation in Himalayan region under the in�uence of climate change. Considering that treeline
environments are extremely temperature-sensitive transition zone for many plant species endemic to the
region (Körner, 1998; Walther et al., 2005), we discuss possible implications of reduced or shallow TLR on
treeline vegetation and future needs to increase understanding of Himalayan climate, their controlling
mechanisms and impacts on critical ecosystems. Considering the existing knowledge gap in the region,
this study is a major effort to analyze temperature lapse rate for treeline areas of Himalayas as the study
used observed daily temperature data for two years and the sites encompass much of the Himalayan Arc
and major variability in precipitation in the region. However, to achieve more reliable estimates of the
lapse rate and explaining EDW as a consequence of climate change, denser station networks and longer
observations are required across the Himalaya.

2. Material And Methods
2.1 Study area

The present study was carried out in three treeline transects along the Himalayan Arc; namely, Daksum-
Sinthan transect in Western Himalaya (here after referred as WH transect); Chopta-Tungnath transect in
Central Himalaya (here after referred as CH transect) and Yuksam-Dzongri transect in Eastern Himalaya
(here after referred as EH transect) in Indian part of Himalayan region (Fig. 1). 

These sites are representative of different climate regimes of Himalaya (Singh et al. 2017). The WH
transect, located in Jammu & Kashmir (India), represents a non-monsoonal site with low annual
precipitation (State annual average 900 mm) and moist pre-monsoon. Whereas CH transect, in
Uttarakhand state in India, is a typical monsoon rainfall (June-September) dominated site (State annual
average 1549 mm) with dry pre-monsoon season. The EH transect, located in Sikkim state of India in
Eastern part of Himalaya, is characterized with extended monsoon season (April-September), moist pre
monsoon and relatively dry winter season (State annual average rainfall 2684 mm). The treeline in these
transects is found ranging between 3400-4000m asl and tended to increase from the west to east, largely
because of decreasing latitude. Climatic characteristics of three study transects is presented in Table 1.

Table 1. Climatic characteristics of three study transect in Indian Himalayan region



Page 5/27

Parameter WH transect
(Kashmir,
Western
Himalaya)

CH transect (Uttarakhand,
Central Himalaya)

EH transect (Sikkim, Eastern
Himalaya)

Annual Mean
Temeprature

7.8±6.6℃ 10.5±4.2℃ 8.6±3.6℃

Mean
growing
season
temperature

8.4±1.8℃ 10.3±1.4℃ 7.5±2.7℃

Precipitation
pattern
(State
annual
average
precipitation)

Low annual
precipitation
(approx. 990
mm) with moist
pre-monsoon
(March- May)

Moderate annual precipitation
(approx. 1549 mm) with dry pre-
monsoon season (March- May)
and monsoon (June-
September) rainfall dominated 

High annual precipitation
(approx. 2684 mm) with
extended monsoon season
(April- September) and and
relatively dry winter season 

2.2 Meteorological Setup and Data

To estimate the TLR and its spatial variations over the study transect, 5 portable ONSET HOBO Pro-V2
temperature loggers, covered with radiation shield, were installed along WH transect, 10 along CH
transect, and 6 along EH transect (Table 2). The number of stations across the three sites differed
because of availability of suitable and safe sites with security arrangement for safeguarding the loggers
and other instruments. Further, an advanced AWS consisting of Campbell SR50A sonic ranging sensor,
ARG100 tipping bucket with HOBO event data logger, temperature probe (109-L), soil moisture sensor,
anemometer, solar radiation sensor, and 6 ARG-100 tipping bucket rain gauges (Waterlog make; 8" dia.)
was also installed at 3300 m asl within CH transect. 

Table 2. Details of the meteorological stations along with altitude (in masl) located along three study
transect in Indian Himalayan region
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CH Transect  WH Transect  EH Transect (Sikkim)

Station Altitude  Station  Altitude Station  Altitude

Ukhimath  1500  Kokarnag  1900  Yuksam  1700 

Siroli  1600  Daksum  2400  Sachen  2225 

Taala  1820  Arkhani  2563  Bakhim  2649 

Mandal  2100  Bampathri  2973  Tsokha  3002 

Dugalbhitta  2500  Sinthan  3900  Phedang  3690 

Kanchulakharak  2675      Dzongri  4000 

Chopta  2870         

Saukharak  3100         

Tungnath  3360         

Chandrashila  3680         

Data from the temperature sensors and raingauge was recorded at 30-minute interval. The observed data
were analysed for 2017 and 2018 for different months and climate seasons; namely, Winter (December-
February), Pre-monsoon (March-May), Monsoon (June-September), and Post-monsoon (October-
November). Within the study transect, the winter season at high altitude is chareterized by the lowest
temperatures and precipitation mostly in the form of snow. The pre-monsoon season is chareterized by
relatively high temperatures gradually increasing till the onset of monsoon. During this period, high
variability in diurnal temperature and scanty rainfall are observed. During the monsoon season heighest
amount of rainfall is received along with relatively high temperature, and charecteristically low diurnal
varibility. A steady decrease in temperature alongwith less amount of rainfall is the key feature of winter
season along these transects. 

2.3 Method 

The Pearson's correlation coe�cient was calculated between observed monthly mean temperature and
elevation of the station and the signi�cant correlation coe�cients were considered for further analysis.
Correlation analysis was carried out to estimate the measure of the strength of the linear relationship
between the two variables. The Pearson Correlation Coe�cient (r) between Temperature (T) and Elevation
(z) is expressed as: 
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Where  and  represents mean and standard deviation values for temperature, respectively, whereas 

 and  are the mean and standard deviation values for elevation. A high values of correlation
coe�cient represent strong linear relationship between the elevation and the temperature whereas small
value of r shows a week liner relationship between the variable (Joshi et al., 2018).

Under well-mixed atmospheric boundary conditions air temperature often decreases/increases linearly
with elevation (Lundquist et al., 2008). Hence, following Joshi et al. (2018), TLRs (0C/100m) were
estimated by developing a gradient using all point level observations of mean temperature and elevation
by using following equation: 

Where T1 and T2 are the air temperature of the two stations (in 0C), and z1 and z2 represents respective
elevation (m). Considering the fact that temperature in mountains varries topographcally in different
months and seasons (Barry, 1992), TLRs were calculated separately for all the months well as for each of
four seasons; viz. pre-monsson (MAM)), monsoon (JJAS), post-monsoon (ON), and winter (DJF).
Statistical analyses were performed to test the signi�cance of results obtained. At �rst, independent
sample t-test was used to test the signi�cance of difference in TLR among the sites. Subsequently, one-
way analysis of variance (ANOVA) was used to compare the monthly and seasonal TLRs between
different study transects. Both the tests were applied at signi�cance alpha level α=0.05 (or CI=95%) and p
values (p<0.05) using STATISTICA 8.0. To analyze the factors for seasonal variation in TLRs, relationship
of TLR with two other climatic parameters (i.e. rainfall and relative humidity) was studied statistically.
Since, rainfall and relative humidity data ware not available for the WH transect and EH transect,
therefore, analysis was carried out for CH transact as a case study only. Based on the observed
temperature data, saturation vapour pressure (es) lapse rate was calculated for CH transect using the
equation based on the Clausius–Claperon relationship (Tetens, 1930).

3. Results
Analysis of correlation coe�cient show that the correlation between monthly mean temperature and
elevation was signi�cantly negative at p<0.01 and p<0.05 for all months across all three sites (Table 2).
The lowest correlations were for the winter months, where r varied between 0.79 and 0.96, when
temperatures were found to be lowest in all three transects. The heighest values of correlation coe�cient
between monthly mean temperature were estimated for the duration May to September. Lower correlation
coe�cients between the temperature during summer months and elevation are attributed to frequent
monsoon rainfall events at each sites (Joshi et al., 2018).

3.1 Variation in annual TLRs across three sites
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The annual TLR increased from moist to dry sites, the value being -0.500C/100 m, -0.520C/100 m and
-0.660C/100 m for EH transect, CH transect and WH transect, respectively (Fig. 2). It increases with
decreasing moisture, being markedly higher at WH transect of Kashmir part of Himalaya. The annual
mean TLR was found lowest for EH transect in Sikkim, which is largely moist in comparison to other two
sites. The annual mean TLRs for EH  transect and CH transect  in the Eastern and Central Himalaya,
respectively, are distinctly lower than the commonly used value of -0.65 0C/100 m (Barry and Chorley
1987). Wehereas, for the WH transect located in the Western part of Himalaya, slightly higher TLR was
found. The results showed that the TLR varies spatially and decreases from West to East in Himalaya,
and is dissimilar for different precipitation regimes in the Himalaya.  

3.2 Monthly and Seasonal variation in TLRs across three transects

At all the study sites the lowest monthly TLR was in December (Table 3). However, TLR for the three sites
differed in terms of the seasonal pattern. At EH transect the monthly TLR varied within a narrow range,
-0.490C to -0.540C, except in December when it dropped to -0.320C from -0.530C in November (Fig. 3). For
CH transect the monthly TLR varied to an extent from -0.240C (in December) to -0.680C (in May), and the
values were constantly high during pre-monsoon months (-0.630C to -0.680C), whereafter it decreased to
an intermediate level during monsoon months (-0.490C to -0.630C) subsequently it decreased sharply
from October (-0.510C) to December (-0.240C) (Fig. 4). In contrast at WH site, TLR ranged widely from
-0.260C to -0.900C. It decreased sharply from -0.780C in October to -0.260C in December (a fall of -0.520C),
where after it increased and values were moderately high (-0.620C -0.640C) during the dry pre-monsoon
months (April-June) (Fig. 5). At this site it peaked in August and was high until October. Compared to the
other two sites, WH was relatively drier, with no distinct dry and moist seasons, the precipitation varying
from 24 mm (November) to 11 mm (March).

Table 3. Monthly TLR (℃/100m) values and Correlation coe�cient (r) between mean temperature and
elevation for three study sites across the IHR
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MONTH WH Transect  CH Transect  EH Transect 

 TLR R TLR r TLR r

JANUARY -0.3 -0.86** -0.42 -0.94* -0.54 -0.87**

FEBRUARY -0.38 -0.89**  -0.52 -0.96* -0.53 -0.91*

MARCH -0.54 -0.94* -0.63 -0.95* -0.52 -0.92*

APRIL -0.64 -0.93* -0.67 -0.98* -0.53 -0.93*

MAY -0.63 -0.95* -0.68 -0.99* -0.52 -0.94*

JUNE -0.62 -0.97* -0.63 -0.99* -0.5 -0.96*

JULY -0.65 -0.98* -0.52 -0.99* -0.51 -0.95*

AUGUST -0.9 -0.91* -0.49 -0.98* -0.5 -0.94*

SEPTEMBER -0.8 -0.92* -0.54 -0.98* -0.49 -0.95*

OCTOBER -0.78 -0.86** -0.51 -0.97* -0.52 -0.93*

NOVEMBER -0.34 -0.85** -0.38 -0.94* -0.53 -0.92*

DECEMBER -0.26 -0.79** -0.24 -0.83** -0.32 -0.81**

*Correlation values signi�cant at P < 0.01; *correlation values signi�cant at P < 0.05.

The highest mean TLR values were observed during pre-monsoon months at EH (-0.660C/ 100m) and CH
sites (-0.520C/ 100m) (Fig. 6; Table 4). Because of the absence of clouds and higher temperature during
pre-monsoon, land surfaces receive more incoming solar radiation compared with outgoing radiation.
This resulted in a rise in day time surface temperatures and large sensible heat �ux which presumably
enhanced strong dry convection in the daytime. The pre-monsoon season also had the highest daytime
saturation varour pressour (es) lapse rate; as a result, the TLR reached a maximum value in that season.
The lowest mean TLR values were observed during winter season (DJF) on all the transects
(EH: -0.460C/100m; CH: -0.410C/100m; WH: -0.310C/100m) which implies that snow albedo or re�ectance
play a more important role as controlling factors on TLR. The One-Way ANOVA con�rms that the TLR
varied signi�cantly across all the sites and signi�cantly differ among seasons (F=3.2175; P = 0.03)
indicating that the seasons have strong in�uence on TLR. These results are also in agreement with
shallow TLRs estimated by Tang and Fang (2006), Kattel et al. (2013), Immerzeel et al. (2014), Kattel et
al. (2015) and Joshi et al. (2018) for other parts of Himalaya.

Table 4. Seasonal mean TLR for the three study transects acorss the Himalaya
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Season  EH Transect   CH Transect  WS Transect

DJF  -0.46  -0.41  -0.31 

MAM  -0.52  -0.66  -0.60 

JJAS  -0.50  -0.53  -0.62 

ON  -0.52  -0.47  -0.70 

3.3 Relationship of TLR with rainfall and Relative Humidity

Statistical relationship of TLR with rainfall and saturation vapour pressure lapse rate was analyzed to
examine reason for seasonal variation in TLR. Based on the analysis of climate data for CH transect (Fig.
7 & 8), regression between mean TLR and rainfall r=−0.27 (R2=0.073) showed inverse pattern of
relationship between daily rainfall and TLR in the annual variability. It suggests that variation in TLR for
some of the seasons were not consistently associated with rainfall. Further, annual cycle of mean
saturation vapor pressure (es) lapse rates for CH transect was analysed. The es lapse rate was calculated
to examine the relationship between TLR and humidity as factor. The correlation between mean TLR and
es lapse rate exhibited a statistically signi�cant positive relationship (r=0.63, p<0.05), which indicates that
variation in TLR was consistently associated with variations in es lapse rate in all seasons. The mean es

lapse rate was lowest (−20.15 hPa/100m, r=-0.96, and p<0.0001) in January and highest (−77.55
hPa/100m, r=−0.95, and p<0.0001) in May. The value remained nearly constant during monsoon months.
This explain effects of dry and moist conditions in enhancing (in pre-monsoon season) and reducing (in
monsoon season) TLR (Joshi et al., 2018). Hence, the atmosphere water vapor content and its seasonal
variations could play an important role in forcing the variations in lapse rate. The atmospheric water
vapor during winter season is mostly lower than the monsoon season and generally, the higher elevation
areas have lower speci�c humidity across the year (Thayyen and Dimri, 2014).

4 Discussion
A comparison of the three sites indicates that TLR was generally lower in humid and cooler conditions,
and higher in drier and warmer conditions. In eastern Himalaya, conditions are moist during most of the
period of a year, and TLR for EH transect was almost invariant during entire year, except in December
when it was low resulting in little variations in TLR during most of the year. While at the strongly
monsoonal climate with distinctly dry pre-monsoon period in western Himalaya, TLR showed a sharp
drop from pre-monsoon to monsoon period. During pre-monsoon season, when cloud cover is negligible,
land surfaces receive more incoming solar radiation than the outgoing radiation that increases daytime
surface temperatures (Blandford et al., 2008). This results in enhanced sensible heat �ux and cause
strong dry convection in the daytime. Therefore, increase in sensible heat �ux together with high daytime
saturation varour pressour (es) lapse rate result in the maximum TLR in pre-monsoon season (Kattel et
al., 2013).
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Relatively lower values of TLRs were observed during the months July-September. During this period the
air over, high elevations is warmed by latent heat release associated with water vapor condensation,
thereby reducing the lapse rate. Latent heat transfers depend on moisture content in the atmosphere
(Marshall et al., 2007). In response to heavy summer rainfall, surface temperatures decrease and moist
adiabatic processes prevail (Thyer, 1985). Thus, the relatively stable lapse rate of temperature during
monsoon months implies a strong association with rainfall amount. Surface temperature oscillations
also depend on cloudiness, which results to marked variability in TLR even within the same season. For
example, during the winter, TLR �uctuated from nearly 0 to -0.8˚C/100m from day-today. Monsoon
months (July-September) were however, characterized by relatively steady TLR on a day-to-day basis,
varying mostly between − 0.3 and − 0.6˚C /100m. Because elevations considerably vary within a short
distance in mountains, on some days weather condition may remain similar across a wide elevation
range, however, on some other days it is �nely divided in layers. Signi�cant cloud cover leads to a
reduction in insolation during the day and a con�nement of outgoing long-wave radiation during the night
(Bhutiyani et al., 2007), thereby increasing minimum surface temperatures. Therefore, cloudy skies and
moist conditions may reduce the daytime TLR value and enhance the nighttime TLR, minimizing the
difference between the TLR associated with maximum and minimum temperatures.

However, during October and November months (post-monsoon season), the mean TLR is lower
compared to dry and warm months (April-June) but higher compared with the December-February
months (i.e. winter season) and July-September months (i.e. monsoon seasons). During these months
weather conditions are similar to pre-monsoon conditions, but the thermal forcing effect is relatively
small due to the disturbances between the phase of monsoon retreat and the onset of winter westerlies.
The lowest mean TLR value occurring in winter implies other controlling factors such as snow and albedo
play a more important role. During winter, skies are clear and radiative cooling is intense, leading to a
stable strati�cation and producing a temperature inversion (Critch�eld, 2004). This condition facilitates
the development of microclimates (Thyer, 1985) and cold air deposition in low areas through down slope
�ow at the �at terrain and valleys known as temperature inversion (Rolland, 2003) which is further
enhanced by foggy conditions during winter season.

4.1 A major effect of elevation-dependent warming
TLR was constantly low during monsoon months (particularly July-August), resulting in a negative
correlation with rainfall (r=-0.27; R2 = 0.07). It kept on decreasing during autumn and the lowest was in
December at all sites. It gradually increased after December, except for the CH transect where it increased
sharply, and the highest being during pre-monsoon months (April-May) when humidity was the lowest.
TLR was comparatively low in humid and cooler conditions, and higher in drier and warmer conditions
which is con�rmed by a statistically signi�cant positive relationship (r = 0.63, p < 0.05) existing TLR and
es lapse rate. The elevation dependent warming (EDW) (Wester et al., 2019) and change in snow cover
could have resulted in the lowest TLR in December. Because of the more warming of cool high elevation
areas and less warming of low elevation areas, TLR is expected to have decreased due to global warming
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(Fig. 9). This differential warming rate is higher during the winter season, particularly in December, when
snowfall is still sparse and alpine meadow vegetation is dead and dark, resulting in a sharp decrease in
albedo. In Himalayas, the winter warming rate has been greater than other seasons (Bhutiyani et al., 2007;
Joshi and Kumar, 2013). The EDW effect is generally high during winter season (Giorgi et al., 1997;
Bradley et al., 2004; Yan et al., 2016; Palazzi et al., 2017). Enhanced warming at higher elevations,
particularly during winter, largely because of snow-albedo feedback, has been reported in a few other
studies (e.g., Im and Ahan, 2011; Pepin et al., 2015). The snowfall in January and February would have
increased the albedo and reduced temperature in high elevation areas, resulting in increase in TLR during
these months.

Figure 9. Factors causing decrease in December TLR in Himalayas

Seasonal changes in temperatures indicate that the decline in temperature from autumn months to
December was less in higher ranges than lower ranges. For CH transect, the effect of darkened vegetation
and reduced albedo in meadow in December is also re�ected in lower TLR across alpine meadow sites
(TLR was − 0.18℃/100m above treeline) than across forest sites (TLR was − 0.6℃/100m below
treeline). In brief, TLR is the lowest due to EDW and high albedo in December. It is moderately low during
wet monsoon months when the humidity is uniformly high. In recent years, aerosol concentration has
increased, and it is more in lower elevation areas, which are closer to the plains where some of the largest
and most polluted cities of India are located (Wester et al., 2019). Aerosols contribute to reducing
temperature by solar dimming. There are not enough past estimates of TLR to ascertain whether TLR has
decreased as a result of global warming. However, the fact that EDW is well established in Himalayas,
there is more warming during winter season in Himalayas, and winter TLR values are the lowest in our
study indicate this role of global warming in modifying TLR.

4.2 Relationship between TLR and Treeline in Himalaya
For 2017 and 2018, the mean growing season temperature at treeline were found as 8.4 ± 1.8℃, 10.3 ± 
1.4℃, and 7.5 ± 2.7℃ for WH, CH and EH, respectively. This shows that the observed growing season
temperature for treeline in Himalaya is much higher than growing season temperatures (6.5 ± 0.8 0C)
de�ned based at a global level (Körner and Paulsen, 2004). This further con�rms pronounced warming at
high elevation areas and hence EDW signi�ed by shallow TLRs across Himalayan region. Since the
Himalayan treelines are unable move up (Sah and Sharma, 2018), they are getting warmer for last several
decades of global warming with several consequences for ecosystem services.

The location of the Himalayan treeline is usually governed by growing season air temperature combined
with topographic factors (Korner and Larcher, 1988). In a mountain ecosystem, low temperature is the
main controlling factor of alpine zone. Under warmer and drier conditions treeline vegetation could be
affected adversely by increased evapotranspiration and water stress (Kitayama, 1996). Snow cover, often
correlated with mean temperature and precipitation, not only provides protection to alpine plant
communities from frost during winter season (Körner, 1999) but also supply water during spring season
for initiating their growth during a relatively short growing season. Therefore, EDW signi�ed by shallow
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TLRs may have several possible implications to treeline dynamics, and tree species distribution in
Himalaya. Under warmer conditions, Treeline can go higher provided suitable habitat for treeline species
is available. As a consequence of low temperature lapse rates, relatively high mean growing season
temperature, and subsequent elevation dependent warming, vegetation communities growing in snow
beds may be subjected to summer desiccation (Korner and Larcher, 1988; Cannone et al., 2007). Thus
loss of potential habitats of many threatened plant species and increase in the plant cover of dwarf
shrubs in alpine regions (Cannone et al., 2007), and increase in species richness at summits (Pauli et al.,
2007) could be the likely effect of EDW.

Further, because of EDW, the upwards migration of the treeline would signi�cantly alter the surface
characteristics and local climate of alpine regions by modifying the albedo and surface energy balance
(Fitzharris et al., 1996) resulting in possibility of new assemblages of plant and animal species in these
regions. Furthermore, EDW may also modify the frequency of �re outbreaks as forests tend to transpire
most of the available soil moisture under dry and warm conditions (Stocks et al., 1998). Hence, prolonged
dry and warm season would exceed environmental and biological thresholds for �re outbreaks and
consequently convert �re sensitive areas into regions of sustained �re hazard (Johnson, 1992). Therefore,
it is presumed that the response of ecosystems to EDW in treeline zones will be extremely vital at
ecotones in terms of the loss of the coolest climatic zones and upslope shift of ecotone vegetation.

5. Conclusion
Based on the in-situ temperature records from 20 stations across the Himalayan arc, we �nd relatively
shallow mean annual TLRs for moist (EH site) and moderately moist sites in Himalayas than the
frequently used average TLR value (-0.65 0C/100m). Low values of TLRs were also estimated by earlier
researchers (Tang and Fang, 2006; Immerzeel et al., 2014; Kattel et al., 2015; Joshi et al., 2018) for
different regions of Himalaya. The observed shallow TLRs, supported with earlier studies, suggests that
the warming in high elevation regions is more pronounced than in lowland areas and indicates elevation
dependent warming (EDW) in Himalaya under the in�uence of climate change. However, in the relatively
drier and non-monsoonal climate (WH) TLR was higher. This could be partly related to intensi�ed
westerlies during recent years in Karakoram and parts of western Himalaya where increase in westerlies
has lead to cooler temperature and stable snow cover and glaciers (Bookhagen and Burbank,
2010).These changes might have cancelled out EDW effect in Karakoram and parts of western Himalaya.

We �nd high variation in TLRs on annual, seasonal and monthly scale. The lowest mean TLR occurred in
the month of December for all the sites. During this period, the sky mostly remains clear but intense
radiative cooling leads to a stable strati�cation, producing a temperature inversion. The lowest TLR in
December could be due to pronounced EDW, change in snow cover and sharp decrease in albedo during
winter season. Because of the more warming in high elevation areas than the less warming of warm
lower ranges, TLR is expected to further decrease due to the effect of global warming. Hence, the winter
TLR is governed by snow- albedo feedback mechanism. In high altitude areas of Himalayan region high
snowfall occurs during January and February which leads to increase in albedo and decline in air
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temperature in high elevation areas; this results into increase in TLR during the same months. The
monthly variations in TLR were not uniform across all three sites. Relatively lower lapse rates were
observed in humid or cooler atmospheric conditions, than in dry conditions. The observed variability in
TLRs advocates for use of seasonally varying lapse rates while studying climate change impact on
different ecosystems along altitudinal gradient In Himalaya. 

The observed TLR showed that the elevation gradient of temperature increases from moist in Eastern
Himalaya to dry sites in Central and Western Himalaya. In monsoon rainfall dominated or moist sites,
TLR varied within a narrow range. The study further showed that the TLR varies spatially and temporarilly
from East to West in Himalaya, and is dissimilar for different precipitation regimes. This study showed
that inverse pattern of relationship (r=−0.27; R2=0.073) exists between annual variability of daily rainfall
and TLR. However, a statistically signi�cant positive relationship (r=0.63, p<0.05) between annual cycle
of mean saturation vapor pressure (es) lapse rates and TLR con�rm that the variation in TLR is controlled
by moisture or relative humidity. 

Because treelines are generally stationary despite decades of global warming, they are getting warmer,
the long term effect of global warming on such arrested treelines need to be monitored. Such a condition
may result in densi�cation of treelines and eventually in mass mortality of trees due to soil desiccation.
The lower values of TLR may have several possible impacts on the dynamics of treeline ecotone in
Himalaya, such as change in snow and moisture regime, increased evapotranspiration and water stress,
change in albedo and surface energy balance resulting to modify distribution patterns, range shift and
growing season of alpine vegetation. The decrease in TLR would reduce the temperature range in a given
elevation range, enhance the upper elevation limit of vegetation and species, leaving increasingly
narrower belts for survival of plants and snow covered systems. The restricted space may limit a species
to form viable population to achieve upward shift. This study made a noteworthy effort to analyze
temperature lapse rate of treeline region of Himalayas based on observed daily for two years. However, a
dense network of weather observation and long term data are required to achieve more consistent
estimates of the lapse rate which could explain EDW as a consequence of climate change across the
Himalayan region. 
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