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Abstract: This review manuscript addresses hydro-meteorological correlations of various glaciers situated in the
Himalayan region. Meteorological parameters influence the discharge pattern of the glacier. A strong correlation
has been observed between discharge and air temperature of the studied Himalayan glaciers. Whereas, other
meteorological parameters such as wind speed and wind direction etc. were not significantly correlated with the
meltwater runoff of different glaciers in this region. In general, variability (Cv) in discharge from the various
Himalayan glaciers such as Chhota Shigri and Gangotri glaciers follow the variability (Cv) in the temperature of
these glaciers. Maximum variability (Cv) in meltwater runoff from the Chhota Shigri glacier has been reported
in the month of September, which might be due to the fast decline in stream runoff and air temperature of the
study area during the month of September. A strong relationship has been observed between suspended sediment
concentration and temperature of the majority of studied Himalayan glaciers. Such type of result shows that the
suspended sediment concentration in the glacial meltwater has increased with rising air temperature in this region.

Keywords: Hydro-meteorological correlations; Meltwater runoff; Air temperature; Suspended sediment

concentration; Himalayan glacier.

Introduction

Glacier is one of the important components of the
water cycle (IPCC, 2007; Singh et al., 2020). It is a
dynamic system that is sliding and creeping slowly from
highland region to lowland region (Arora et al., 2019;
Mandal and Sharma, 2020). Glaciers are a major source
of freshwater that influences different types of natural
ecosystems (Rai et al., 2017; Angchuk et al., 2021).
They are retreating due to climate change, causing
a reduction of snow and ice melt to the headwaters
(Marchina et al., 2020). The Himalayas contain one
of the richest and biggest mountain ecosystems of the
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earth with a complex topography and having a large
number of mountain glaciers (Kesarwani et al., 2015).
The Hindu Kush Himalayan range comprises three
main parallel zones, namely Greater Himalaya, Middle
Himalaya or Lesser Himalaya (Inner Himalaya) and
foothills or the Sub-Himalaya (Pant et al., 2018). The
Himalayan cryosphere has contributed significantly to
the hydrological budget of various rivers originating
from the Himalayan region such as the Ganga (Khan
et al., 2017). Generally, high altitude region of the
Himalayas experiences warmer climate and the trend
of rising temperature in this region is higher than that
of the global averages (Shrestha et al., 1999; IPCC,
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2014; Ali et al., 2018). On the other hand, the trend
of precipitation along with the amount and source of
precipitation varies in various regions of the Himalayas
(Khan et al., 2018). The monsoonal system, western
disturbances and the farrago of orography play a
crucial role in governing the pattern of precipitation in
the Himalayan region (Singh and Kumar, 1997; Dimri
et al., 2015). The majority of glaciers in the region of
Indian Himalayas are reported in the Indus basin having
7997 glaciers and the Ganga basin having 1,578 glaciers
(Raina and Srivastava, 2008). Himalayan glaciers are a
natural reservoir of fresh water for downstream areas
(Gardner et al., 2013) and have great scientific and
socio-economic importance (Romshoo, 2012).
Hydrology of high altitude region of the Himalayas
is complex because of the influence of two atmospheric
circulation systems i.e. western disturbances and Asian
summer monsoon (Bookhagen and Burbank, 2010).
Hydrological investigation of Himalayan glaciers
plays a significant role in understanding the response
of the glacier to the present climatic condition; this
is because the variability in glacial runoff mainly
depends on the meteorology of the region (Mandal et
al., 2020). Hydrological data in association with various
meteorological data (such as rainfall, temperature and
humidity) in the glacier catchment are used to know
about the dynamics of the generation of glacial runoff
at a local scale (Kumar et al., 2020). Changes in the
atmospheric temperature are expected to affect the snow
or ice melt runoff and stream flow in the catchment
of the Himalaya (Immerzeel et al., 2009; Jain et al.,
2010). The volume of meltwater draining as runoff
from the Himalayan glacier is controlled by the extent
of snow above the glacier surface, size of the glacier
and strength of the drainage network inside the glacier
(Singh et al., 2004). Hydro-meteorological relationship
of Himalayan glaciers helps to know about the
weather conditions, melting rate, availability of water
resources and suspended sediment transportation from
the glacierized area (Kumar et al., 2002; Singh et al.,
2003, 2005, 2010; Jain et al., 2003; Arora et al., 2014;
Srivastava et al., 2014a, b; Kumar et al., 2016a; Singh
et al., 2016). Investigations of hydro-meteorological
correlation of Himalayan glaciers are difficult due to
complex topography and harsh condition of weather
in this region. Various literatures are available on the
hydro-meteorological correlations of Himalayan glaciers
(Singh et al., 1995, 2000, 2004, 2006, 2010; Thayyen et
al., 2005; Thayyen and Gergan, 2010; Liu et al., 2010;
Singh, 2011, 2016; Singh et al., 2016; Pottakkal et al.,

2014; Kumar et al., 2018a; Kumar et al., 2018b; Azam
et al., 2019; Mandal et al., 2020; Shukla et al., 2020;
Kumar et al., 2020; Ramanathan et al., 2021). The main
objective of this review manuscript is to address the
hydro-meteorological correlation and interrelationship
between suspended sediment concentration (SSC)
and load (SSL) with meteorological parameters of the
Himalayan glaciers.

Study Area

The Hamtah (32°14'16"N and 77°22'16"E), Chhota
Shigri (32°13'42"N and 77°30'50"E) and Shaune Garang
(31°17'30"N and 78°20"22"E) glaciers are situated in the
Western Himalayan region, Himachal Pradesh, India
(Sangewar and Shukla, 2009), whereas Dokriani (30°50'-
30°52'N and 78°47'-78°50'E), Gangotri (30°43"-31°01'N
and 79°00’-79°17'E), Dunagiri (30°33'20"N and
79°53'36"E) and Chorabari (30°46'20.58"N and
79°02'59.38"E) glaciers are situated in the region of
Central Himalaya, Uttarakhand, India (Hasnain and
Thayyen, 1999; Haritashya et al., 2006; Srivastava et
al., 2014a; Kumar et al., 2018a). On the other hand, East
Rathong (27°34'54.44"N and 88°06'27.63"E) is located
in the region of Eastern Himalaya, Sikkim, India and
Rongbuk glacier is situated in the Central Himalayan
region, China (Liu et al., 2010; Kumar et al., 2020)
(Table 1). The length of Hamtah, Chhota Shigri, Shaune
Garang, Dokriani, Gangotri, Dunagiri, Chorabari, East
Rathong and Rongbuk glaciers has been found to be 6.0,
9.0,6.2,5.5,30.2,5.5,7.5,7.0 and 18.0 km, whereas the
area of these glaciers is observed to be 3.30, 15.7, 4.94,
7.00, 86.32, 2.50, 6.60, 4.80 and 203.0 km?, respectively
(Haritashya et al., 2006; Sangewar and Shukla, 2009;
Liu et al., 2010; Azam et al., 2012; Dobhal et al., 2013;
Srivastava et al., 2014a; Kumar et al., 2016b; Shukla et
al., 2020; Kumar et al., 2020).

The Chhota Shigri glacier geologically lies in the
Central Crystallines rocks of Pir Panjal Range of the
Western (Himachal) Himalaya (Kumar and Dobhal,
1997). This glacier catchment mainly contains Rohtang
gneiss (Kumar et al., 1987; Hasnain et al., 1989). The
Dokriani glacier is located on the north of Pindari Trust,
which comprises pigmatites, granite, schists, biotite
gneiss and calc-silicate rocks (Valdiya et al., 1999). On
the other hand, the Shaune Garang glacier situated in
the Baspa valley is dominated by the Rakcham group of
granite (Dutta et al., 2017). The geology of the Gangotri
glacier system contains phyllite, quartzite, mica schist,
sericite schist, granite (tourmaline rich), limestone,
pyrite etc. (Bhatt, 1963).
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Table 1: Details of Himalayan glaciers observed for hydro-meteorological correlations study

Glaciers Regions Basin area/area (km?) References

Shaune Garang Himachal Pradesh, India 38.13 Kumar et al., 2018b
Chhota Shigri Himachal Pradesh, India 34.7 Mandal et al., 2020
Hamtah Himachal Pradesh, India 3.30 Shukla et al., 2020
Dokriani Uttarakhand, India 16.13 Singh et al., 2003
Gangotri Uttarakhand, India 556 Haritashya et al., 2006
Dunagiri Uttarakhand, India 17.9 Srivastava et al., 2014a
Chorabari Uttarakhand, India 15.4 Kumar et al., 2018a
East Rathong Sikkim, India 19.8 Kumar et al., 2020
Rongbuk Mt. Oomolangma, Central Himalaya, China 298 Liu et al., 2010

Methodology

The velocity-area method has been used for hydrological
measurement of Hamtah, Shaune Garang, Chhota
Shigri, Dokriani, Gangotri, Chorabari and East Rathong
glaciers; whereas various meteorological parameters
have been recorded by the automatic weather station
(AWS) (Singh et al., 1995, 2006; Singh, 2016; Singh
et al., 2016; Kumar et al., 2018 a; Kumar et al., 2018b;
Shukla et al., 2020; Kumar et al., 2020). Suspended
sediment concentration (SSC) in the stream water has
been computed by drying and weighing the suspended
glacial sediment accumulated over the filter paper.
suspended sediment load (SSL) has been estimated
by multiplying glacial runoff with SSC. On the other
hand, SSL per unit basin area was used to calculate
suspended sediment yield (SSY) of the studied glaciers
(Haritashya et al., 2006; Srivastava et al., 2014b; Kumar
et al., 2018b; Singh and Ramanathan, 2018; Sharma et
al., 2021).

Hydro-meteorological Correlations

Interrelationship between Discharge and Air
Temperature

Melt-runoff investigations of Himalayan glaciers
are complex to understand because of the limited
availability of hydro-meteorological data and high
climatic variability in the glacierised region (Srivastava
et al., 2014a). Temperature is one of the important
factors for controlling the hydrological regimes of
Himalayan glaciers (Thayyen and Gergan, 2010). The
correlation between discharge and temperature provides
key information about the quantity of meltwater
runoff and its variation in the glacier environment
(Han et al., 2010). Hydro-meteorological correlations

of various Himalayan glaciers are shown in Table 2.
Strong correlations (R?=0.71 in 2010, R?>=0.65 in 2011,
R>=0.61 in 2012, R?>=0.61 in 2013 and R?>=0.75 in 2014)
were observed between glacier-specific runoff and
temperature of Chhota Shigri glacier (Singh et al., 2016;
Singh, 2016) (Figure 1 a-d). Such strong relationships
between both parameters during the different years show
that atmospheric temperature controls the magnitude
and variation of discharge in the study area. Location
of Chhota Shigri glacier is found in the monsoonal arid
transition region of Western Himalaya (Bookhagen and
Burbank, 2010) which obtains low rainfall. A major part
of glacial runoff in this region is produced from the
melting of snow and ice (Singh et al., 2015). Maximum
precipitation in the study area was observed in the
winter season accounting for 71% of the total annual
precipitation, whereas the summer-monsoon season
(June, July, Aug. and Sept.) and post-monsoon season
(Oct. and Nov.) received low precipitation accounting
to 12% and 3% of the total annual precipitation,
respectively (Azam et al., 2016). Hence this glacier
obtained low precipitation during the ablation season
(June-October) which does not significantly influence
the melt runoff pattern of the Chhota Shigri glacier
(Singh, 2016).

The hydro-meteorological study carried out by
Mandal et al. (2020) on the Chhota Shigri glacier
shows that meltwater runoff has a positive correlation
with air temperature (R’>=0.66), incoming long wave
radiation (L, ) (R?>=0.58) and relative humidity (RH)
(R?*=0.39), whereas, on the other side, it has a negative
correlation with precipitation (P) (R*= -0.02) and wind
speed (u) (R>= -0.28) of the study area. The production
of meltwater runoff is mainly determined by the
presence of heat on the surface of the glacier, hence
meltwater runoff showed a strong correlation with
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Table 2: Correlation between discharge/glacier specific discharge and air temperature of the Himalayan glaciers

Glaciers Locations Years R’ References
Chhota Shigri Chandra basin, Western Himalaya 2010 0.71 Singh et al., 2016; Singh, 2016
2011 0.65
2012 0.61
2013 0.61
2014 0.75
Hamtah Chandra basin, Western Himalaya 2000 0.6834  Shukla et al., 2020
2001 0.701
2003 0.6806
2004 0.4524
2005 0.6071
2006 0.6249
2007 0.7286
Shaune Garang Baspa basin, Western Himalaya 2014 0.6878 Kumar et al., 2018b
2015 0.7436
Dokriani Bhagirathi basin, Central Himalaya 1992 0.89  Singh et al., 1995
Gangotri Bhagirathi basin, Central Himalaya 2000-2003 0.76  Singh et al., 2006
Chorabari Mandakini basin, Central Himalaya 2009-2012 0.50 Kumar et al., 2018a
Rongbuk Central Himalaya, China 2005 0.79  Liu et al., 2010
East Rathong Rangit basin, Eastern Himalaya 2013-2015 0.93 Kumar et al., 2020; Sharma et al., 2021
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Figure 1: Scatter diagram between glacier specific discharge vs air temperature of the Chhota Shigri glacier for (a)
2011 (b) 2012 (c) 2013 (d) 2014. (Source: Singh, 2016)
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the temperature of the Chhota Shigri glacier. On the
other hand, black-carbon may influence the heat on the
surface of a glacier because black-carbon decreases the
albedo value of the glacier thus trapping heat. Another
study carried out by Azam et al. (2019) on the Chhota
Shigri glacier indicates that summer temperature and
accumulation of snow during the summer and winter
season together regulate the catchment-wide meltwater
runoff as well as glacier-wide mass balance in the study
area. The scatter diagram between meltwater runoff and
air temperature of Hamtah glacier shows the higher
value of R? (coefficient of determination) (R?=0.6834 in
2000, R?=0.701 in 2001, R*=0.6806 in 2003, R*=0.4524
in 2004, R?>=0.6071 in 2005, R*=0.6249 in 2006 and
R?=0.7286 in 2007), indicating a closer association
between meltwater runoff and temperature of the
investigation area. On the other hand, precipitation is
not directly correlated with stream runoff of the Hamtah
glacier (Shukla et al., 2020). The strong relationship
between discharge and the air temperature was also
reported in other Himalayan glaciers such as Shaune
Garang, Dokriani and Rongbuk glaciers (Singh et al.,
1995; Liu et al., 2010; Kumar et al., 2018b).

A recent hydrological study carried out by Kumar
et al. (2020) on the East Rathong glacier indicates
that discharge has a strong interrelation with mean
temperature (T, ) (R?=0.93), maximum temperature
(T, (R?=0.93) and minimum temperature (Tpin)
(R?=0.43), RH (R?>=0.77) and rainfall (R>=0.99) on
the monthly scale. On the other hand, discharge also
showed a good relationship with rainfall (R?>=0.49)
and mean temperature (R’=0.46) on the daily scale.
These results show that the role of mean temperature
on the monthly scales is more important than that
of mean temperature on the daily scale in regulating
the meltwater runoff of the study area. A very good
interrelation between discharge and rainfall in the East
Rathong glacier on the monthly scale is probably due
to the reduction in the variation of both rainfall and
meltwater runoff on the monthly scale (Singh et al.,
2006). Another hydro-meteorological study carried out
by Srivastava et al. (2014a) on the Dunagiri glacier
demonstrates that meltwater runoff has a low correlation
with air temperature for each ablation period. The R?
value of 0.51 was observed in discharge-temperature
correlation for the selected clear weather days in the
Dunagiri glacier. However, meltwater runoff showed
an exponential correlation with ablation having a high
value of R? (0.75), which means meltwater runoff rises
exponentially as the ablation rises. On the other hand,
ablation showed a high exponential correlation with

mean temperature having a value of R? (0.79), which
means ablation rises exponentially as the mean air
temperature rises in the study area. While ablation was
not well correlated with precipitation (R?>=0.38).

The correlation between meltwater runoff and air
temperature of the Dokriani glacier indicates that air
temperature has a good relationship with meltwater
runoff for the month of June and September, because of
the presence of strong storage characteristics, systematic
environment for melting and lower runoff in the study
area during these months. While meltwater runoff
shows a better correlation with precipitation during
the month of July and August, because of the presence
of high rainfall and changes in the physical status of
the Dokriani glacier during these months (Singh et
al., 2000). Another hydrological study carried out by
Singh et al. (2006) on the Gangotri glacier shows that
the prevailing air temperature controls the magnitude
and variation of glacial runoff in the study area. Here
much better correlation was observed between mean
monthly meltwater runoff and air temperature (R*>=0.76)
as compared to daily scale having an R’ value of
0.50. The hydro-meteorological correlation analysis in
the Chorabari glacier shows that meltwater runoff is
correlated with T, . (minimum temperature) (R?=0.50),
whereas it is not or little correlated with T, (maximum
temperature) (R’=0.20) and T, e (mean temperature)
(R’=0.40) during the melt periods (2009-2012). Such
types of correlation analysis show that temperature
during the night time may play a significant role in
the melting of the glacier. Here absorbed incoming
solar radiation during the day time by the surface of
glacier regulates melting of the glacier during the night
time in the form of long wave radiation (Kumar et al.,
2018a). Whereas other meteorological parameters such
as rainfall, relative humidity, wind speed and wind
direction are not better correlated with meltwater runoff
in the Chorabari glacier (Kumar et al., 2018a).

Variability in Discharge and Air Temperature

Change in air temperature influences the melting regimes
of snow or glacier (Dou et al., 2011). Variation in air
temperature occurred on daily, monthly, seasonal and
annual levels, which play an important role in changing
the discharge pattern of glacial runoff (Mingjie et al.,
2013). For the assessment of variability in discharge
and air temperature, a coefficient of variation (Cv) is
used. Variability (Cv) in stream runoff from the Chhota
Shigri glacier generally follows the variability (Cv) in
temperature above the glacier surface (Figure 2 a-d).
Maximum variability (Cv) in glacial runoff was reported
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Figure 2: Changes in coefficient of variation (Cv) for discharge and air temperature of the Chhota Shigri glacier during
the investigation period (a) 2011 (b) 2012 (c) 2013 (d) 2014. (Source: Singh, 2016)

in the month of September, which may be due to the fast
decrease in stream runoff and atmospheric temperature
above the surface of the glacier during the given time
period (Singh, 2016). In the Gangotri glacier, maximum
variability in meltwater runoff was found in the month
of May and September, whereas minimum variability
in the meltwater runoff was observed in the month of
October. Generally, variability in temperature shows a
similar trend as the variability in meltwater runoff in
the study area (Singh et al., 2006).

Relationship Between Suspended Sediment
Concentration (SSC) and Load (SSL) with
Meteorological Parameters

Various factors such as meteorological, hydrological
and glaciological entities control the erosion and SSL
in the glacial environment (Kumar et al., 2018b). The
inter-relationship between SSC, SSL and SSY with
various meteorological parameters of the Himalayan
glaciers is shown in Table 3. A suspended sediment
transport study carried out by Singh and Ramanathan
(2018) on the Chhota Shigri glacier shows that SSC in

the stream water has a strong exponential relationship
with temperature during the study in the year 2011
(R*=0.72), 2012 (R?*=0.74), 2013 (R?>=0.61) and 2014
(R*=0.70). On the other hand, SSL also shows a very
significant exponential relationship with temperature
during the study period 2011 (R?>=0.74), 2012 (R?>=0.74),
2013 (R?>=0.61) and 2014 (R?=0.75). Such types of
trends indicate that suspended sediment concentration
and load may rise exponentially with the rise in air
temperature of the Chhota Shigri glacier. A strong
correlation has also been observed between suspended
sediment concentration and air temperature of Shaune
Garang glacier during the study period 2014 (R?>=0.62)
and 2015 (R?>=0.72) (Kumar et al., 2018b).

Another study carried out by Haritashya et al. (2006)
on the Gangotri glacier indicates the strong exponential
relationship between mean monthly suspended sediment
concentration and mean monthly temperature (R*>=0.92)
and mean monthly suspended sediment load and mean
monthly temperature of the study area (R*=0.98).
Such type of result is due to the high dependency of
suspended sediment load on the discharge, which is
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Table 3: Inter-relationship between SSC, SSL and SSY with meteorological parameters of the Himalayan glaciers

Glaciers Inter-relationship Study periods R’ References
Chhota Shigri SSCvs T 2011 0.72 Singh and Ramanathan. 2018
2012 0.74
2013 0.61
2014 0.70
SSLvs T 2011 0.74
2012 0.74
2013 0.61
2014 0.75
Shaune Garang SSCvs T 2014 0.62 Kumar et al., 2018b
2015 0.72
Gangotri SSCvs T, on 2000-2003 0.92 Haritashya et al., 2006
SSL vs T .on 2000-2003 0.98
Dunagiri SSCvs T, on 1985-1989 0.95 Srivastava et al., 2014b
East Rathong SSCvs T, can 2013-2015 0.91 Sharma et al., 2021
SSC vs T, .. 2013-2015 0.90
SSL vs T .on 2013-2015 0.91
SSLvs T, .. 2013-2015 0.90
SSY vs T .on 2013-2015 0.92
SSY vs T, .. 2013-2015 0.91
SSC vs R 2013-2015 0.99
SSL vs R 2013-2015 0.99
SSY vs R 2013-2015 0.99

regulated by the temperature of the Gangotri glacier. The
very significant exponential relationship has also been
observed between mean monthly suspended sediment
content and mean monthly temperature (R’>=0.95) of
the Dunagiri glacier, indicating suspended sediment
content in the stream water increases exponentially as
the temperature increases during the ablation periods
in the study area (Srivastava et al., 2014b). Another
suspended sediment transport study carried out by
Sharma et al. (2021) on the East Rathong glacier shows
a very significant relationship between SSC and T
(R?=0.91), SSC and T, (R’>=0.90), SSL and T,
(R*=0.91), SSLand T, (R?>=0.90), suspended sediment
yield (SSY) and T, ., (R*=0.92) and SSY with T,
(R?=0.91) on a monthly scale. Whereas rainfall (R)
also has a strong correlation with SSC (R?>=0.99), SSL
(R*=0.99) and SSY (R?=0.99) on a monthly scale in the
study area. Such types of results show the important
role of these meteorological parameters for regulating
the suspended sediment transport in the East Rathong
glacier.

mean

Conclusions

Hydro-meteorological correlations of Himalayan
glaciers play an important role in the distribution of
discharge during different melt seasons. The current
review paper has mainly discussed the interrelationship
between various meteorological parameters such as
temperature, precipitation and wind speed etc. with
stream runoff from different Himalayan glaciers.
Generally, air temperature shows a strong correlation
with discharge from the majority of the studied
Himalayan glaciers. There exists a strong correlation
between glacier-specific discharge and air temperature
(R*=0.71 in 2010, R?>=0.65 in 2011, R?>=0.61 in 2012,
R?=0.61 in 2013 and R?>=0.75 in 2014) of the Chhota
Shigri glacier (Singh et al., 2016; Singh, 2016). On
the other hand, the close association has also been
observed between stream runoff and air temperature
of other Himalayan glaciers such as Hamtah glacier
(R?=0.6834 in 2000, R*=0.701 in 2001, R?>=0.6806
in 2003, R*=0.4524 in 2004, R*=0.6071 in 2005,
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R?=0.6249 in 2006 and R?*=0.7286 in 2007) (Shukla
et al., 2020), Gangotri glacier (R?>= 0.76) (Singh et al.,
2006) and many other (East Rathong and Dokriani)
glaciers situated in this region. In general, various
Himalayan glaciers such as Chhota Shigri and Gangotri
glaciers show a similar trend in the variation (Cv) of
meltwater runoff and temperature. Suspended sediment
concentration showed a strong relationship with the air
temperature of the studied Himalayan glaciers. Further
detailed hydro-meteorological studies on the Himalayan
glaciers are recommended for a better understanding
of hydro-meteorological interrelationship, regulating
the magnitude and variation of glacial runoff in the
Himalayan region.
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