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PREFACE

This report on “Past and future mass balance-climate behaviour of Chhota Shigri Glacier(western
Himalaya) using surface energy balance approach” is prepared under the guidance of Mohd.Farooq
Azam. In this report, we are trying to understand the basic idea of mass balance of the glaciers.
The report includes the basic idea and concept behind the model and the results showing the trend
followed by the mass balance. All the glacier dynamics are studied, field and model data have been
compared and finally used for generating the mass balance.

We have tried to incorporate everything required to understand the modelling of a glacier and to
predict the future mass balance of any glacier in a lucid manner.
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ABSTRACT

Chhota Shigri glacier is located in Lahaul and Spiti Valley, Himachal Pradesh, India. Himalayan
glaciers are of particular interest in terms of future water supply, melts and rising water level.
With very scant knowledge about the glaciers in the Himalayan region owing to its difficult terrain,
this study provides an insight into better understanding these glaciers. Daily Mass balance for
the glacier has been investigated for the period from January 1979 to April 2019. An average
mass balance of -0.5540.56 (meter water equivalent year~') is observed for the period from
1980-2018. ERA 5 reanalysis data has been used for all variables. Site data available from two
Automatic Weather Stations (AW S’s) on the glacier for the period from 2009 to 2013 are used
to improve the ERA 5 data output. Energy balance approach is deployed to calculate the mass
balance. It takes into account accumulation in the form of solid precipitation and ablation in the
form of various energy fluxes namely Latent heat flux, Sensible heat flux, Shortwave radiation,
and Longwave radiation. CMIPS5 along with CNRM-CMS35 model has been used for the prediction
of future mass balance till the year 2100 for RCP4.5 and RCP8.5. Results indicate increase in the
amount of melt and mass balance value decreases as we increase the RCP from 4.5 to 8.5.
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1 Introduction

1.1 The Himalayas

The great ranges of Central Asia contain one of the largest deposits of ice and snow in the world
after the polar region. The Hindu Kush Himalaya(HKH) region comprising of the Karakoram,
Hindu-Kush and the Himalaya has a total glacierized area of 59000 km? (total glacierized area of
the world is 540,000 km?)[18]. Commonly known as the “Water tower of Asia” the HKH feeds
ten major rivers that provide water for almost two billion people across Asia [38], in addition to
supporting energy production, providing food and a wide range of other ecosystem services.

The Himalaya also known as the Earth’s “Third Pole” currently harbors around 600 billion tons of
ice. The Himalaya are home to more than 12,000 glaciers [29], spanning an area of about 33,000
km? [36], storing approximately 12000 km?> of freshwater. Lifted by the subduction of the Indian
Tectonic plate under the Eurasian Plate, the Himalayas have many of the world’s highest peaks
including the highest Mount Everest (8848 m). Some of the major glaciers in the Himalayan region
are the Gangotri glaciers, Yamnotri glaciers, Zemu glacier, Siachen glacier, Khumbu glaciers and
more. The Himalaya have a momentous impact on the lives of people who live near them.

1.2 Himalayan Glaciers

The Himalayan Glaciers play a crucial but erratic role in the water supply of Asia’s main river
basins. Glaciers in the Indian Himalaya are the key indicators of regional climate change and wa-
ter resource to the major rivers like Indus, Ganges and Brahmaputra. Glaciers also contribute to
the regional hydrology towards the development and sustainability of downstream population and
mountain ecosystems. The degree to which glacier and snowmelt are significant components of the
water balance on the large-river-basin scale depends on the glacierized fraction, the hypsometry of
the basin, and the pluvial and thermal regimes[28]. Recent studies have shown that glaciers have
been shrinking at an accelerated rate since the beginning of the 21st century [12] because of these
rapid melt rates formation of massive glacial lakes will take place, with a risk catastrophic glacial
lake outburst floods. These floods will also result in loss of life, property, costly infrastructure
such as dams, powerhouses, bridges. It is also predicted that this change will lead to considerable
changes in the freshwater flow resulting from glacial retreat, with a striking impact on biodiversity,
species like the river dolphin which is dependent upon the freshwater from the himalayas. Species
like the snow leopard and the one-horned rhino that needs water for their habitat will be displaced
[36]. There is also the risk of natural hazards like landslides etc. Although the Himalayan glacier
have a great social and economic impact they have not been studied properly in the past. These
glaciers have not been monitored properly and there is only limited knowledge. This lack of
knowledge led to some controversial comments like ‘the likelihood of them disappearing by the
year 2035 or perhaps sooner is very high if the Earth keeps warming at the current rate’ which
was made in the Intergovernmental Panel on Climate Change (IPCC) Fourth Assessment Report
[21][17].

Since the Intergovernmental Panel on Climate Change (IPCC)[21] dispute the Himalaya have
become the focus of research interest. In recent years, The scientific community has recognized
the need to study the Himalayan glacier in greater depths Owing to the lack of data as we go back
in time the rate at which the glaciers are melting remains poorly constrained. The IPCC Fifth As-
sessment Report [40] stated “Several studies of recent glacier velocity change [3] [26] and of the
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worldwide present-day sizes of accumulation areas [6] indicate that the world’s glaciers are out
of balance with the present climate and thus committed to losing considerable mass in the future,
even without further changes in climate”.

Recently many glacier monitoring studies have used remote sensing approaches for the mod-
elling of glaciers (e.g. Fujita and Nuimura, 2011[24]; Brun and others, 2017[15]; King and others,
2017[30]). In comparison to the remote sensing approach, there have been fewer in-situ observa-
tional studies (e.g. Azam and others, 2016[2]; Tshering and Fujita,2016 [43]; Vincent and others,
2016[45]; Sherpa and others, 2017[39]). This is because of the arduous terrain, difficult approach
routes, very high altitudes, etc. Furthermore, in situ observations are generally limited to lower el-
evations (e.g. Fujita and Nuimura, 2011[24]; Baral and others, 2014[7]; Tshering and Fujita, 2016
[43]; Sherpa and others, 2017[39])

1.3 Glacier Mass Balance
1.3.1 Mass Balance

In the simplest of terms, mass balance refers to the gain and loss of ice from a glacier sys-
tem. A glacier is a result of how much mass it receives mainly in the form of solid precipita-
tion (snow, snowflakes, etc.) and how much it loses by melting. The concept of mass balance
for a glacier is very important for understanding all theories of glacier flow and its behavior.
For better understanding, mass balance can also be re-
ferred to as the ‘Health of the glacier’. So, if mass bal-
ance is positive it means that glacier is gaining more
mass than its losing and glacier will advance, while a
negative mass balance would mean that the glacier is
losing more mass than it is gaining and hence recede.

A glacier can be thought to be in a state of equilib- wil form e Abrasion
rium if the amount of snow and ice it’s gaining and los- =",

ing are approximately equal, this would mean that the
glacier will neither recede nor advance. For clarifica-
tion, when we talk about glacier receding or advancing
or being in the state of equilibrium we are talking about the position of the snout (the terminus or
the toe)(Figure 1). As the glacier has mass it will be in a state continuous flow that means that ice
is constantly being displaced from the upper reaches to the lower reaches of the glacier, where it
eventually melts.

~———Headwall ,
Glacial

Ice Terminal

1 Moraine

Figure 1: Glacier terminologies[8]

1.3.2 Accumulation Zone

It is through the process of accumulation that the glacier system receives ice and snow. This
process of surface accumulation includes ice and snow from direct precipitation, rain, hail, freezing
rain, windblown sources, hoar storm, avalanches, etc. Now as the glacier flows, because of the
gravitational pull the snow and ice are transferred downslope. Rain along with the refreezing of
meltwater percolating through the snowpack may contribute to internal accumulation. Sometimes,
freezing of liquid water at the base of the glacier contributes to basal accumulation. Accumulation
usually occurs over the entire glacier, but may change with altitude. Warmer air temperatures at
lower elevations will also mean precipitation falling as rain and not contributing to accumulation.
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Figure 2 gives a brief summary of the glacier system, various input sources as mentioned above
account for accumulation, the process of ablation will be discussed in the next section.

1.3.3 Ablation Zone

As discussed in the section above glacier gains mass through the process of accumulation it is
through the process of ablation that a glacier loses mass. Ablation represents the ensemble of the
various processes that lead to the mass loss of snow and ice. It includes surface melt, sublimation
or evaporation at the surface, surface meltwater runoff, avalanching as well as wind-driven trans-
port and sublimation of blowing snow. Glaciers inhabit on an arduous slope may also dry calve,
dropping gigantic chunks of ice. Glaciers terminating into water bodies such as the sea or a lake
will calve photogenic icebergs. Some other processes of ablation also include subaqueous frontal
melt and some melting within the ice and ice beds. As compared to surface melt other form of
ablation are not dominant[5], so by implicitly assuming that surface melt is the preeminent form
of ablation, most glaciological and hydrological models often use temperature index approaches to
model or calculate total ablation.

Accumulation (inputs) Glaciers as a system

Precipitation Other sources

g
8
<]
T

Ablation (outputs)
e

Wind-blown Snow

Bublimation

Outputs: meltwater, icebergs,
landforms (e.g. moraiens)

Subaerial melt and
sublimation
Calving

Subaqueous frontal melt

Figure 2: An introduction to glacier mass balance [8].

Surface meltwater runoff

Water-terminating
glaciers only

1.3.4 Equilibrium Line Altitude

As entrenched earlier the zone of ablation is where snow loss exceeds the snowfall, also this lies
in the lower region and accumulation zone is the upper region zone where snowfall exceeds the
snow loss. The equilibrium line altitude is defined as the elevation at which mass balance is equal,
where accumulation of snow is exactly balanced by ablation over a period of a year [27]. So in lay-
man terms equilibrium line altitude is the boundary between the ablation and accumulation zone at
which mass balance is equal. As equilibrium line is defined in terms of accumulation and ablation,
for individual glaciers there is usually a strong correlation between the mass balance and equilib-
rium line altitude and hence it is closely connected with local climate majorly the air temperatures
and precipitation. It serves as an important indicator of glacier response to the change in climate.
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Figure 3: Equilibrium Line Altitude[8]

This has also helped in the reconstruction of former cli-
mates and also the prediction of glacier behaviour in
the future [9]. The equilibrium line altitude is highly
sensitive to perturbations in either the precipitation or
the temperature, with rises in response to decrease in
the amount of snowfall and/or increasing frequency of
positive air temperatures and vice versa [10]. Steady
state equilibrium line altitude(ELA) is the value asso-
ciated with zero annual mass balance for the whole
glacier. So the glacier will neither grow nor shrink
in the case when the annual ELA coincides with the
steady state ELA [9]. However, many glaciers deviate

from the local climate ideas, this is mainly because of regional geographic factors such as shading
patterns and the redistribution of snow by wind, also due to avalanches etc.

1.4 Surface Energy Balance

The surface of the glacier is dynamic with the process of accumulation and ablation going on
simultaneously. The energy that is exchanged between the surface and the surroundings are mainly
due to shortwave radiation, longwave radiation, sensible heat flux, and conductive heat flux. These
fluxes help in the melting of the ice at the surface.

+ L4 - LT+ H + He= AQ

Net all-wave radiation

|

MELT

o | Précipitation

lDutgomg Sensible and latent
ong-wave turbulent heat fluxes
radiation
Incoming r
long-wave Wind
radiation l
Conductive

heat flux in
the snow/ice

Figure 4: Surface Energy Balance
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1.4.1 Short-wave Radiation

Shortwave radiation also known as solar radiation is due to the energy that reaches the surface of
the glacier from the sun i.e. in the form of high energy shortwaves. Net shortwave radiation is
the sum of downward shortwave radiation (taken as positive) and upward shortwave radiation i.e.
reflected from the surface (taken negative). The shortwave radiation is taken in W/ m?.

1.4.2 Long-wave Radiation

Longwave radiation also known as thermal radiation is due to the energy that reaches the surface
of the glacier from the heat of the objects, vegetation, wildlife that are present in the vicinity of the
glacier. Net longwave radiation is the sum of downward longwave radiation (taken as positive) and
upward longwave radiation i.e. reflected from the surface (taken negative). The longwave radiation
is taken in W /m?.

Note- When the shortwave radiation is reflected a small part of it < 5% is neither absorbed nor
reflected but is refracted within the top layer of snow and ice and emitted after a few total internal
reflections. This results in conductive heat flux which is quite low as compared to shortwave and
requires higher mathematics and can be neglected.

1.4.3 Sensible Heat Flux

Sensible heat flux are those fluxes that are caused due to the exchange of heat resulting in the rise of
the temperature of the glacial ice and some other macroscopic variables, leaving other macroscopic
variables unchanged for example volume or pressure.

1.4.4 Latent Heat Flux

Latent heat flux are those fluxes that are caused due to the exchange of energy resulting in changing
of the state of the glacial ice without changing the temperature of the ice. Latent heat from the roots
of the word means hidden heat, meaning the heat is used up in the change of the state of the body
and is not seen with the change of temperature of the body.
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2 Study Area

Chhota Shigri glacier is a valley-type compound glacier (GSI Inventory 2009: Identification No.
IN5Q21212159). The direction of the flow of the trunk of the glacier is from south to north.
Geographically Chhota Shigri glacier is located between 32°11’ - 32°17' N and 77°29'-77°33' E.
It lies in the Chandra river basin on the northern ridge of Pir Panjal range in the Lahaul-Spiti valley
of Himachal Pradesh, India. A list of geographical and topographical characteristics of Chhota
Shigri glacier is given in Tablel [47][37]. In the lower region the slope of the glacier is about 10°
to 16° while that in the higher elevations (head of the glacier) is about 40° to 45° [31]. The contour
and location of Chhota Shigri glacier on the map can be seen in Figure 5 and Figure 6 respectively.
The drainage area of
mpn__ maws  myw  mpe  wgn  wqen the Chhota Shigri basin is
Chhota Shigri Glacier 34.7 km? from the loca-
tion of hydrological station
on the proglacial stream
at 3900 m a.s.l, of which
47% 1is glaciated. The to-
tal glaciated area is 16.3
km? while the Chhota Shi-
gri glacier covers 15.7 km?
[47]. Chhota Shigri val-
ley extends 11 km from
the Chandra river conflu-
ence up to Sara - Umga
Pass (4990 m a.s.[). The
main glacier is slightly
crescentic with a westerly
arch. Towards the east of
the glacier lies a 28 km
long glacier with an area
of 131 km? , the Bara
Shigri glacier, this is the
largest glacier of Himachal
" Pradesh. Mainly two trib-
e e e e utary feed the Chhota Shi-
gri glacier one from the
east and the other from the
west. They both originate
from peaks located in the
vicinity at around 6000 m
and 5500 m respectively. The drainage area of the Chhota Shigri basin is 34.7 km? from the loca-
tion of hydrological station on the proglacial stream at 3900 m a.s.[., of which 47% is glaciated.
The total glaciated area is 16.3 km? while the Chhota Shigri glacier covers 15.7 km? [47]. Chhota
Shigri valley extends 11 km from the Chandra river confluence up to Sara - Umga Pass (4990
m a.s.l.). The main glacier is slightly crescentic with a westerly arch. The lowermost part of
the glacier tongue for about 1 km is covered by supraglacial moraines resting mainly on Central
Crystalline granites.
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Figure 5: Contour Map of Chhota Shigri glacier showing 50 m ele-
vation bands
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Figure 6: Location map of Chhota Shigri glacier and its surroundings.
Figure [2]Roads are shown in green, river in blue and Chhota Shigri glacier as a star. The upper
left inset shows a map of Himachal Pradesh, India, with the location of the Bhuntar Observatory
and glacier (star) indicated in the box. The lower right inset is a map of Chhota Shigri glacier with
the location of the AWS (red diamond). The map coordinates are in the UTM 43 (north) World

Geodetic System 1984 (WGS84) reference system.

Climate is the most important factor that influences glacier dynamics. This glacier is influ-
enced by two atmospheric circulation systems:the Northern Hemisphere mid-latitude westerlies

during winter (January—April) and the Indian summer
monsoon during summer (July—September) and [14].
It is located in the monsoon—arid transition zone and it
feeds Chandra River, one of the tributaries of the In-
dus River system. The climate of Chhota Sigiri and its
adjoining area is wet and cool. In the Chandra river
valley because of the leeward effect of the main ridge
is drier than the southern slopes of the Pir Panjal range.
The main ridge is mostly oriented WE, hence prevent-
ing part of the monsoon flux from reaching the valley
[13]. The lower reaches of the Chhota Shigri glacier are
in the dry cold valley zone while the upper accumula-
tion zone experiences occasional precipitation, mostly
in the form of snow, sometimes rain drizzle. The higher
reaches had a humidity greater than 65%. The yearly
precipitation on the glacier is in the range of 150-200
cm of snow [35] . This snout of the glacier is well de-
fined, lying in a narrow valley and producing a single
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proglacial stream. This glacier is likely to be temperate. The lower ablation area (<4400 m a.s.l.)
is covered by debris representing 3.4% of the total surface area [44]. The debris layer is heteroge-
neous in nature, with silts measuring a few millimeters to big boulders sometimes exceeding a few
meters.

Catchment characteristics Azam et al., 2019 [4]
Latitude 32.28° N
Longitude 77.58° E
Max. Elevation 6263 m asl
Catchment outlet 3840 m asl
Total glacierized area 16.1 km?
Chhota Shigri Glacier characteristics
Glacier area 15.5 km? (in 2014)
Glacier length 9 km
Snout position 4172 m asl
Mean orientation North
Maximum elevation 5830 m asl

Table 1: Geographical and topographical characteristics of Chhota Shigri glacier

3 Methodology

3.1 Data Acquisition

The data required for the running of the model included hypsometry of the glacier and meteoro-
logical data obtained from The European Centre for Medium-Range Weather Forecasts ECMWF.
The ECMWEF is an independent intergovernmental organisation supported by most of the nations
of Europe and is based at Shinfield Park, Reading, United Kingdom. ERA 5 is the latest dataset
provided by ECMWE, known to be the best so far.

3.1.1 ERAS

The data output from ERAS is reanalysis data which is obtained from different weather observation
stations and satellite data, which is made into data of regular time interval from 1979 to present.
The variables are available for two types of data -

1. Single level
2. Pressure level

These data tyes are available with a resolution of 0.25° % 0.25¢ for normal variables and 0.5 0.5
degree for mean, average variables.

Single level- These data include those data which are independent of the height at which they are
taken. For example precipitation, solar radiation, thermal radiation, etc.

Pressure levels- These data include those quantities which vary along the elevation. For example
temperature, relative humidity, wind speed, etc. The acquisition of the data was done by running
a code in the toolbox of copernicus website specifying the variable, years (maximum limit for
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downloading in one go was 12 years, but for the ease of the process we downloaded the variables
for sets of six years), area grid (that included the glacier), pressure level (elevation of the glacier at
Automatic Weather Station (AWS) explained in the next section), etc. The data obtained was then
converted into excel sheet using ArcGIS by changing NetCDF to tables and tables to excel. The
files were extracted for the closest four co-ordinates to the glacier i.e. 32.25°N, 32.5°N, 77.5°E,
77.75 °E. The excel sheet was made for 6 years set and had to be clubbed together to make a
single file from 1979-2019 for each coordinate. The data for the exact location of field data was
done using inverse weighted distance method.

A‘

Ay = 2
aws — &1
Ly

Where Als are the data from the coordinates available from ERAS and ds are their respective
distances from the AWS. Direct extraction of data using ArcGIS at the required AWS location was
also an option but on closer analysis it was found that inverse distance formula giver better results
on comparision. This might be because ArcGIS takes into account all the grid points to interpolate
for the required location because of which the accuracy of the output decreases. Now the data is
ready for bias correction.

6]

3.1.2 Automatic Weather Station

Two Automatic Weather Station (AWS’s) are installed at the glaciers. AWS 1 on glacier surface at
4663 m.a.s.l. and AWS 2 on glacier-side moraine at 4863 ma.s.l. .These weather stations are like
an automated facility, either on land or sea with equipment and various instruments and sensors to
measure atmospheric conditions which can be used in the forecast, to study weather and climate.
Climatic variables like temperature, wind speed and direction, radiation, and more such variables
can be measured. Details of the sensor along with their sensitivity is given in Table 2 along with
the variables examined. Data from AWS 1 is used for bias correction, and data from AWS2 is used
to compare the model output. Further details will be discussed in the next section.

3.2 Data Analysis
3.2.1 Bias correction

Global Climate Models (GCM’s) have been a vital source of information and data for the con-
struction of any climate scenario. These climate output models are known to have biases. These
GCM’s provide bias at all scales be it local or global, this limits their application in the study of
various climatic scenarios as it leads to erroneous analysis and also induces a range of uncertainties
and inaccuracies in the future state of climate projected by these models. Now, Regional climate
models aim to provide better dynamically downscaled information generated by GCM’s. In the
recent past, the availability of regional climate model (RCM) simulations has increased substan-
tially. However, they still present sizable bias like their coarser counterparts. These systematic
error (bias) may be due to the limited spatial resolution, numerical scheme, simplified thermody-
namic or physics processes, regional geographical attributes etc.

To bias correct or not? Is also a dubious question, it is debated in the scientific community [19]
[25] [33]. Data output directly from the climate model could be used, but for impact studies these
data will larger biases for e.g. Temperature can be consistently too high, model does an incorrect
simulation of monsoon as in rain may start early or late, rainfall may be too high or low, or the
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Variable Symbol(unit) Sensor Initial Height(m)  Stated Accuracy
AWS 1
Air temperature T,ix(°C) Campbell HMP155 0.8&2.5 +0.1 at 0°C
Relative humidity RH (%) Campbell HMP155 0.8&2.5 +1% at 15°C
Wind speed u(ms™!) A100LK, Vector Inst. 0.8&2.5 +0.1 upto 10ms™!
Wind direction WD (%) W200P, Vector Inst. 2.5 +2°
Incoming shortwave SWL(Wm~=2)  Kipp&Zonen CNR-4 1.8 +10%day total
Outgoing shortwave SWO,(Wm~2)  Kipp&Zonen CNR-4 1.8 +10%day total
Incoming longwave LWI, (Wm™2)  Kipp&Zonen CNR-4 1.8 +10%day total
Outgoing longwave LWO, Wm~2?) Kipp&Zonen CNR-4 1.8 +10%day total
Air pressure P, (hPa) Young 61302V 1 +0.3hPa
Accumulation/Ablation SR50A (m) Campbell SR50A 1.6 +0.1m
AWS 2
Air temperature T,:;:(°C) Campbell H3-S3-XT 1.5 +0.1 at 0°C
Relative humidity RH (%) Campbell H3-S3-XT 1.5 +1.5% at 23°C
Wind speed u (ms™") Campbell 05103-10-L 3.0 +0.3ms™!
Incoming shortwave SWL(Wm~=2)  Kipp&Zonen CNR-1 2.5 +10%day total
Incoming longwave LWI, (Wm=2)  Kipp&Zonen CNR-1 2.5 +10%day total
Precipitation(base camp) (mm) Geonor T-200B 1.7(inlet) +0.6mm

Table 2: Measurement specification for Automatic Weather Station on Chhota Shigri
AWS 1 located at 4760 m a.s.l. on the mid ablation zone of Chhota Shigri Glacier. AWS 2 located
on a morain at 4863 m a.s.l. and the precipitation gauge installed at base camp at 3850 m a.s.1. [1]

model might overestimate the number of days with precipitation or might underestimate the ex-
treme values. Hence, the post processing (such as the removal of bias) of raw output from climate
models is important before we use them to study or project any climatic scenario, so that they are
a better fit. For bias correction data which is established to be accurate or data acquired directly
from field is used. The basic idea behind Bias correction is depicted in the diagram below. Here

ORer Tsc
Jhl

A Correction e—p

TrAW

TRer

Figure 8: Bias Correction

a relation between the historic reference data between the model output(7ggr) and the observed
data(OggF) is established using which raw data(7gaw ) is corrected (Tpc). There are several bias
methods available and some methods are more suited to particular variable than the other, this
mainly depends on the distribution of data for that variable. Therefore, before using a particular
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bias technique the raw data must be properly analysed so that the correct bias method may be used.
Randomly using any method would induce further bias rather than correcting the bias. Various
methods used for bias correction in this study are listed as follows:

1. Delta method

2. Factor method

3. Linear scaling method
4. Variance scaling method

5. Quantile Mapping
Delta Method

This method is mainly used when the subject variable follows a similar trend with the observed
data with a constant bias. The subject variable which is to be corrected is shifted towards the
observed data using the difference (delta). This delta is then used to bias correct the whole dataset
for overall period

0= Tobs — Pobs

Peorr = Praw + 0

Here delta (6) is calculated using the difference between the observed data (7,,,;) and the model
output(P,,,) for the same period. This delta established is used to correct the raw output(P,qy).
This method is generally applied to variables like temperature.

Factor Method

This method has a similar concept to the above described delta method but unlike delta method
we develop a factor or ratio which relates the subject variable and the observed data. This is used
for variables like wind speed. Net Shortwave is biased using this method. Figure shows the bias
correction of net shortwave. Here factor developed using the ratio is used to correct the raw data.

T,
Factor = obs

obs

Peorr = Factor x Pryy,
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Net Shortwave Bias
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Figure 9: Bias Correction of Net Shortwave

Linear Scaling

The linear scaling method or simply the scaling method adjusts the bias in the model by attempting
for an exact match between the monthly mean values of the observed data and that of the subject
data which is to be corrected. Using this monthly relation daily values are corrected [16] [20].

u (Pobs,m)

Pcorr,m,d = Prawm,d *
( raw,m

Tcorr,m,d = me,m,d +u (Tobs,m) —H (Traw7m)

Here PeorrmarTeorrma and Praym as Trawma are the corrected model daily value where m and d
denote the month and the date respectively. t(Pppsm)s U(Topsm) and f(Pram), U(Traw,m) are the
monthly mean of the observed and model data respectively.

The advantage of this method is that it is easy to use and require modest data. This method is a
step up when compared to Delta method and Factor method discussed above as it also takes into
account the inter-monthly variation of the variable into account. Variables like precipitation and
temperature are corrected using this method.

Variance Scaling
The variance scaling method is another step up from the Linear scaling method, unlike the linear
scaling method which was only able to correct the mean of the subject variable variance scaling is

capable of correcting the mean as well as the variance of the subject. The mean corrected results
instituted by the Linear scaling approach are further normalized upon a monthly basis to a zero
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Precipitation Bias
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Figure 10: Bias Correction of Precipitation

mean [32]. Let Ti.o. 4 as corrected in the Linear scaling method discussed in the previous section
be denoted by Ty, 4. Then a normalized series Tn; 4 18 defined to correct the historical data as:
!/
Tna=Trsma— W (TLS ma)
In the next step the standard deviation (G,/n ) of the normalized series is corrected using the ra-

tio of the observed standard deviation monthly (6, (Tpsm.q«)) and the normalized series standard
deviation monthly(Gm(T,;l ) as demonstrated:

/ / Om (Tobs.m,d>
o-m,d = Tm,d * a

Gm(Tm, 2)
In the final step, the corrected value is calculated using the mean and standard deviation calculated
as:

!
Tcorr,m.,d = Gm,d + .u(TLS,m,d)
Figure shows the the bias correction of surface temperature using variance scaling.
Quantile Mapping
Quantile Mapping is an advanced bias technique which is capable of correcting all possible distri-
butions of the variable . This is a non parametric bias correction method. This approach originates

from empirical transformation [42]. The adjustment of precipitation using Quantile mapping can
be expressed in terms of the empirical CDF (ecd f) and its inverse (ecd f~') [20].
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Figure 12: Bias Correction of Relative Humidity
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4 Mass Balance Model

4.1 Glacier Wide Mass Balance

The Glacier wide mass balance(B;) can be calculated using the given formula[41][23] :

_Azbz
= A ,

B, 2)

where, A; and b, are the glacier area and the mass balance at 50 m elevation band respectively The
Chhota Shigri glacier was divided into 43 bands of 50 m each. The lowest being 4075 m incresing
upto 6175 m.

4.2 Point Mass Balance

Mass Balance (b;) at an elevation band is calculated as the difference between the accumulation(Acc)
and ablation(melt).

b, =Acc—Abl, 3)
4.2.1 Accumulation

Accumulation term is calculated using the sum of the solid precipitation (F;),and the Refreeze rate
(Rr) as :
Acc=Py+Rp “)

As precipitation takes place mainly during the summer monsoon season in this region which is
majorly in the form of rain, phase of precipitation plays a major role in this model. Phase of
precipitation is considered to be dependent on the temperature of air as:

P=P, T,<0°C,

P=0 T,>0°C

4.2.2 Ablation

Ablation term includes surface melt, and sublimation and re-sublimation and is calculated as :
Abl = melt + Ry ®))
Hence, the final formula for the point mass balance (m.w.e.) is given as :

(Ps+Rp) — (melt 4+ Ry)

b, —
z Dw

(6)

where, P is the solid precipitation rate (mm w.e.d™ 1), (Ry) is the sublimation re-sublimation rate
(mm w.e.d "), Rp is the refreeze rate (mm w.e.d~') and Py is the density of water (1000 kg m=2).
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4.3 Melt

The melt is calculated using the heat of melting (Q,,,) and the latent heat of melting(/,,). This model
was previously discussed in (Fujita and Ageta, 2000 [23] ; Fujita and Sakai, 2014[22]). The heat
of melting (Q,,) is defined as follows :

Onm = Hgp —l—HLR—SG(T5+273.14)4—|—H5—|—HL, @)

where, the heat of melting in the glacier (Q,,, Wm™?) is a function of the net shortwave radiation
(Hsg Wmfz), longwave radiation (Hyg, Wmfz),emissivity (€, dimensionless), Stefan Boltzmann
constant (6,5.67 * 1078 Wm=2K~%), surface temperature (Ts, °C), sensible heat flux (Hs, Wm™2),
and the latent heat flux (Hz, Wm™2). All components are positive when fluxes directed downwards
towards the surface. The heat of melt calculated using the above mentioned formula will only
contribute in melting when the surface temperature is above a certain threshold, below this tem-
perature the energy will not be able to change the phase of ice, therefore melt value is calculated as :

melt =0 T,<T,

melt:% T, > 1T,

m
This threshold temperature(7,) is considered to be —0.5°C . Here /,, is the latent heat of fusion of
ice (3.33% 10°Jkg™1).

4.3.1 Latent and Sensible Heat Flux

Turbulent Latent and Sensible heat fluxes are calculated by the bulk method (Fujita and Ageta,
2000 [23]) :

Hg = CapaCU(Ta - Ts)a ®)

Hp = lepaCU[th(Ta) - q(Tv)]a )

where, ¢, is the Specific heat of air (1006 Jkg='K~1), 1, is the Latent heat for evaporation (2.50 x

10% Jkg™1), p, is the Density of air, C is the Bulk coefficient for sensible and latent heat (0.002),

U is the Wind speed (ms™!), rh is the Relative humidity, 7, and T, are the temperature of air

and surface respectively(K), ¢(T;,) and ¢(Ty) are the Saturated specific humidity at air and surface

temperature respectively.
The saturated specific humidity at a temperature 7 is calculated as :

g(T) = o.m%, (10)
17.3T

=0.611 _— 11

ex=06llexp(7=7727), (D)

where ex is the Saturation vapour pressure (kPa) and 7 is the temperature (°C).

4.3.2 Density of Air

The density of air (p,) is calculated using the ideal gas equation, expressed as a function of pressure

and temperature:
P
=5 (12)
Pa Rspeci ficT

where, P is the absolute pressure (Pa), T is the absolute temperature (K) and Rpecific 18 the specific
gas constant for dry air (287.058 Jkg~ 'K~ 1).
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4.3.3 Surface Temperature

Stefan- Boltzmann equation is employed to calculate the surface temperature using longwave ra-
diation which states that *The thermal energy radiated by a blackbody radiator per second per unit
area(@) is proportional to the fourth power of the absolute temperature(7’) and is given by’ :

where, o is the stefan boltzmann constant (¢,5.67 108 Wm2K _4).

The surface temperature for various bands is calculated as [23] :

Hsg +eHpg —06(T, +273.2)* — 1,p,CU (1 — rh)q(T,)

T,=T,+
e 460 (T, +273.2)% + (1o + ca)paCU

(14)

4.4 Refreeze Rate

It has been pointed out that the amount of superimposed ice formed at the ice surface also has some
impact on the mass balance of the glacier [5]. The thickness of superimposed ice is calculated as
[48] :

Rr = —0.696,4 4 0.0096, (15)

where 014 is the ice temperature (°C)at 14 m depth which is assumed equal to the mean annual air
temperature [48].

4.5 Sublimation and Re-sublimation

Sublimation is the process of conversion of a substance from solid to gas without it converting to
liquid. The sublimation and re-sublimation hinders the melt (ablation) and is therefore subtracted
from it. The sublimation/re-sublimation is calculated using the latent heat of sublimation using the

following formula:
Hy,
RS = 5
Iy

where Hj is the latent heat flux and I is the latent heat of sublimation equals 26400 Jkg~!.

(16)
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5 Future Mass Balance

Global climatic projections are used for the prediction of future climatic conditions. These global
climatic projections are climate model simulations developed in an effort coordinated by the World
Climate Research Program (WCRP) where multiple independent climate research centers have
contributed. These have been assessed by the Intergovernmental Panel on Climate Change (IPCC).

The Climate Model Intercomparison Project (CMIP)

Various climate models with an agreed set of inputs from all around the world, various research
institutes or national meteorological centres contribute in the CMPI process. These modelling cen-
ters produce set of standardised output, these when combined these produce a multi-model dataset.
The models so developed can be shared in the international community and various modelling cen-
tres and results can be compared.

Representative Concentration Pathway

Representative Concentration Pathway (RCP) are greenhouse gas concentrations adopted by the
Intergovernmental Panel on Climate Change IPCC for its fifth Assessment Report (ARS) in 2014.
These are concentration values and not emissions. This was preceded by the Special Report on
Emissions Scenarios (SRES) projections which were published in 2000. Four pathways namely
RCP2.6, RCP4.5, RCP6, and RCP8.5 have been selected for climate modeling and research. These
climate scenarios are described considering possible greenhouse gases emitted in the upcoming
years. The four RCPs, are labelled after a possible range of radiative forcing values in the year
2100 (2.6, 4.5, 6.0, and 8.5 Wm 2, respectively). We have calculated the future glacier mass
balance of Chhota Shigri glacier for RCP4.5 and RCP8.5, RCP 8.5 being extreme condition and
RCP4.5 being a more realistic future scenario.

CNRM-CMS5

The model used out of all the CMIP5 models for the future projections is the CNRM-CMS5 (CNRM-
CERFACS, France). This is the new version of the general circulation model CNRM-CM. CNRM-
CMS5 has been developed jointly by CNRM-GAME (Centre National de Recherches Meterologiques-
Groupe d’etudes de I’ Atmosphere Meteorologique and Cerfacs (Centre Europeen de Recherche
et de Formation Avancee) in order to contribute to phase 5 of the Coupled Model Intercomparison
Project (CMIPS).

Some major improvements since the CMIP3 are as follows[46]:

e Horizontal resolution has been increased from 2.8° to 1.4° in the atmosphere and from 2° to
1¢ in the ocean.

e Radiation scheme has been revised, tropospheric and stratospheric aerosols treatments has
been improved.

e For the atmospheric component the dynamical core has been revised.

e Special care has been given to ensure mass/water conservation in the atmospheric compo-
nent.
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e The atmospheric model through the SURFEX platform has been used to externalised The
land surface scheme ISBA, this includes ew developments such as a parameterization of
sub-grid hydrology and a new freezing scheme.

e The ocean model OPAS.O version used in the CMIP3 version of CNRM-CM has been im-
proved to the new state-of-the-art version of NEMO, which has greatly progressed since the
OPAS.0

e Particular attention to avoid energy loss and spurious drifts has been incorporated between
different components through OASIS.

The model used a similar approach but instead of using daily values we are using monthly averages
and calculating the Mass Balance. Here we are not considering the snout retreat which can be a
major factor in the future as the loss of the glaciers is very large. The model variables are biased
with the same factors as in the past mass balancing. The extrapolation of the point mass balance
to the glacier wide mass balance is done using lapse rate, precipitation gradient from field data of
the past, whereas the wind speed gradient and surface temperature gradient is found out in the past
mass balancing and used in this model.
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6 Results and Discussion

The extrapolation of the data was done for different variable after the bias correction of the data for
different elevation bands with 50 m increments from 4075 m a.s.l. to 6175 m a.s.l. and pressure
level from 61040.15 Pa to 46059.82 Pa. Precipitation gradient and lapse rate (available from 1969-
daily values) were taken from field data. Wind speed calculation for different bands was done
using different change rates for bands higher than 5525 m a.s.l., 4875 m a.s.l., 4175 m a.s.]. and
lower than 4175 m a.s.l. using values obtained for different pressure levels from ERA 5. Relative
humidity was used directly with bias at 450, 500, 550, 600, and 650 hPa, and interpolated for the
exact hPa of the bands using the linear interpolation of the closest two values. The annual mass
balance values (hydrological year) for 1980 to 2018 are -0.5540.56 m w.e.a~! (value along with
the standard deviation). Mass balance annual values are calculated for Hydrological years which
starts from 1% October till the 30" of September next year.

6.1 Annual Mass Balance
6.1.1 Annual hydrologic mass balance since 1980

The 1980-2018 glacier-wide modelled Mass Balance are displayed in Figure 13 The model was
run for 1 January 1979 to 1 April 2019 with daily values of mass balance 3.437 mmw.e. ranging
from 131.674 mmw.e. to -54.25 mm.w.e. with 52.24% values as negative. In the recent years annual
mass balance has been mostly negative except for the year 2014 and 2015 with values 0.25 m.w.e
and +0.84 m.w.e respectively. Mass balance (hydrological year) in the last 10 years has been most
negative for the year 2018 with a mass balance value of -1.01 m.w.e . An average mass balance
of -0.29 4 0.715 m.w.e.a~! for the years 2010 to 2018. The previous decadal values are -0.86 =+
0.321m.w.e.a”! for 2000-2009, -0.64 % 0.439 mw.e.a~! for 1990-1999, -0.39 + 0.620 m.w.e.a™!
for 1980-1989.

Annual hydrological mass balance

Mass balance (m w.e.)

Model

'2 T | T | T I T I
1980 1990 2000 2010 2020
Year

Figure 13: Annual hydrologic mass balance since 1980
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6.1.2 Seasonal Mass Balance

The mass balance for different season show similar trends than what is expected, the summer sea-
son (May-September) show most negative values as the average temp and radiation on the glacier
surface is more as compared to other seasons resulting in lower solid precipitation values with
values -0.19 +0.09 mw.e.a~' per month, and the winter period (October-April) with the highest
positive values as the surface temperature is more negative and the days are colder resulting in posi-
tive mass balance 0.10 + 0.03 mw.e.a™ ! per month. The results of the model follow the seasonality
of the glacier.

Seasonal mass balance

Summer (May - Sept)
Winter (Oct - Apr)

Mass Balance (m w.e.)
o
I

I ! I ! | ! | !
1980 1990 2000 2010
Year

Figure 14: Seasonal Mass Balance
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6.2 Model performance

Figurel5 gives a graphical comparision between the model and (Azam et al. [2]). (Azam et al.
[2]) has used field data to calulate the mass balance. A coefficient of determination of 0.769 is
obtained. This shows a close relation between the two results. Figure16 shows comparision from
various available mass balance for various years. Here we have incorporated geodetic as well as

field calculated mass balance values.

Table 3: Table showing comparision of modelled mass balance with available mass balances

(mw.e.a™ )

Type Year Model Reference  Source
Geodetic  1999-2011 -0.72 £0.46  -0.24+0.10 [34]
Geodetic  1999-2004 -0.96 £0.32 -0.70 [11]
Geodetic  2005-2014  -0.43+£0.54  -0.2340.28 [15]
Geodetic  2005-2014  -0.43+0.54  -0.27£0.13 [15]
Geodetic  1999-2010 -0.73+£0.31  -0.44£0.16 [44]

Field  2012-2014 -0.22+£0.71  -0.42+0.40 [2]

Field  2002-2012 -0.56 +0.55 -0.59 £ 0.40 [2]

Mass balance (cm w.e.)

-12

Model Validation

Azam et al. 2014
Model

R2=0.769

7/10/12
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8/14/13

|
11/22/13

Figure 15: Mass Balance comparision with field data
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Annual Mass Balance vs Geodetic Results
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Figure 16: Mass Balance comparision with geodetic data

6.3 Mass Balance as a function of Altitude

The mass balance of different bands follow strictly increasing trend with more accumulation (pos-
itive mass balance values) at higher elevations and more ablation (negative mass balance values)
in the lower regions of the glacier. The equilibrium line altitude (ELA) lies approximately in be-
tween 5000 to 5500 m a.s.l. for the years 2010-2017. The graphs shows that the lower regions
of the glaciers are losing mass at a faster pace resulting in overall mass loss for the glacier. The
method used for the calculation of the mass balance uses gradients for various variables that are
used for calculating different parameters of the mass balance. We see that for overall negative mass
balances the ablation zone is more than the accumulation zone, the external factors that affect this
portions are the increase in temperature of the glaciers and as a result increase in the hot days with
lower solid precipitation and more heat of melt.
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6.4 Future Mass Balance

The future mass balance values for RCP 4.5 are -6.7 & 0.30 m w.e.a”! with increasing loss of
mass in the glacier for the period of 2006-2100. The future mass balance values for RCP 8.5 are
-12.88 4 0.57 m w.e.a~ ! with increasing loss of mass in the glacier for the period of 2006-2100.
The results can be understood as the air temperature is increasing more and more, we can say that
the glacier will lose more mass. The results for RCP 8.5 are extreme case which would happen
when we are not considering the climate change at all and keep on exploiting the environment at
an even higher rate. While at RCP 4.5 although the mass loss is quite large if we try to conserve
the glacial systems we might not even have to worry about the increase in loss.
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Figure 18: Mass Balance for RCP 4.5 and 8.5 year 2007-2100
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7 Conclusion

The model results indicate a steady loss of mass in the glacier of about -0.56 +0.55 mw.e.a™",

which shows that the glacier is in a state of bad health. There can be various reasons for this loss
but one of the major reasons is the rise of the global air temperature with about 0.2 degree celsius
rise per decade. The model is a simple approach that can be used for the mass balance of any
glacier with the availability of some basic variables, and some field data for bias correction and
calibration. Most of the variables available with ERAS5 have quite good relations with the field
data, incorporating the seasonality and general trend. We tried different datasets for the model
but found that ERAS gives the best output and thus is the best dataset for glaciological modelling
available so far. The results of the model show great sensitivity to air and surface temperature,
and we cannot possibly control surface temperature but we can try to reduce the increase of the air
temperature especially in the regions close to the glaciers.

The future model results have increasing mass loss in the years in the future which might reduce
if the glacier orography and removal of bands where mass has been lost are considered (snout
retreat). For 4.5 RCP we have an increase of about 0.6 mw.e.a”! in the mass loss in the average
of the first decade of the modelling time to the average of the last decade, while for 8.5 RCP we
have an increase of about 1 mw.e.a™! in the mass loss in the average of the first decade of the
modelling time to the average of the last decade. Future modelling of the glacier can be improved
by incorporating glacier dynamics into the model to give better results but the loss of glacier mass
is not something that the model depicted wrong, the values might be slightly lower but the glacier
would be still losing mass at a deadly rate.
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