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Abstract Glaciers in High Mountain Asia (HMA) have been continuously retreating over the past four
decades under global warming, affecting water availability for humans and ecosystems. However, the potential
differences in mass loss and glacier runoff between maritime and continental glaciers of HMA are poorly
understood. To understand the response of both types of glaciers to climate change, this study developed a
hybrid modeling approach suited to data-sparse regions, and applied the proposed approach to the Parlung

No. 94 Glacier (a maritime glacier) and the Dongkemadi Glacier (a continental glacier) to project glacier
change under climate change. Results show that the maritime glacier has a higher balance amplitude and more
negative net balance than the continental glacier. Forced by model outputs from the sixth phase of the Coupled
Model Intercomparison Project, both glaciers are projected to melt almost entirely by year 2100 under the
highest emission scenario (SSP585). The projected year by which the continental glacier's volume (area) is
expected to halve, relative to year 2018, is about 5-11 (14) years later than that of the maritime glacier due to
lower glacier retreat rates. Glacier runoff projections indicate that the peak glacier runoff occurs later and is
larger for higher emission scenarios and for the continental glacier than the maritime glacier. The peak water
year for the Dongkemadi Glacier is projected to occur about 2435 years later than for the Parlung No. 94
Glacier, for which it is expected to occur by the mid-21st-century.

Plain Language Summary Glaciers over High Mountain Asia are critically important for providing
freshwater resources and regulating hydrological regimes. However, they are expected to continuously retreat
throughout the 21st century. Reliable projection of glacier changes is highly essential for water resource
management and risk prevention. Here a temperature-index melt model coupled with a glacier dynamic model
(Ah-parameterization) is developed to project response of two glaciers of different types on the Tibetan Plateau
to climate change through 2100. The simulated glacier mass balances show high consistency with observations
during historical period. Driven by Coupled Model Intercomparison Project Phase 6 Global Climate Models,
both the two glaciers are anticipated to melt almost entirely by 2100. In addition, the Parlung No. 94 Glacier is
expected to reach the peak water of glacier runoff by 2050, while peak water of the Dongkemadi Glacier will be
reached 2435 years later. The proposed approach is reliable for projecting future glacier changes and easy to
apply over poorly gauged regions, given the low data demand.

1. Introduction

Glaciers play an important role as a “solid” reservoir, providing freshwater resources and regulating hydrological
regimes (Biemans et al., 2019; Immerzeel et al., 2020; Li et al., 2022; Pritchard, 2019; Viviroli et al., 2007; J.
Xu et al., 2009). In dry or warm seasons, when glaciers melt, the meltwater can compensate for low flow runoff
(Huss & Hock, 2018). Glaciers are sensitive to environmental and climate changes, and are indicators of climate
change (Haeberli & Beniston, 1998; Haeberli et al., 2002). Mountain glaciers are more sensitive to climate
change due to a warmer climate and smaller scale than polar glaciers (Bach et al., 2018). With global warming,
most mountain glaciers around the world are shrinking, and are expected to continue shrinking throughout the
21st century (Bamber et al., 2018; Hock et al., 2019; Marzeion et al., 2020; Zemp et al., 2015, 2019). High
Mountain Asia (HMA) hosts 20.4% and 4.4% of the global area and volume of glaciers, respectively (Farinotti
et al., 2019a), and glaciers in HMA have been retreating continuously over the past four decades (Bhutiyani
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et al., 2010; Gardner et al., 2013; Maurer et al., 2019). In the case of a future global warming of 1.5°C, HMA is
projected to have a higher warming of 2.1°C + 0.1°C due to elevation-dependent warming (Marzeion et al., 2020;
Maurer et al., 2019; Pepin et al., 2015; You et al., 2020), leading to accelerated retreat of glaciers by the end of
the 21st century.

Observation and modeling of glacier mass balance from previous studies indicate that glaciers across HMA show
high spatial variability in glacier mass balance change (Brun et al., 2017; Gardner et al., 2013; Yao et al., 2012;
Zhao et al., 2022). The heterogeneity of glacier status is affected by many factors including glacier type (conti-
nental glacier, subcontinental and maritime), temperature rise, debris cover and other factors (Kraaijenbrink
et al., 2017; Yao et al., 2012). Among these factors, the glacier type or the climate setting of a glacier are
connected with glacier retreat rates and mass balance sensitivity to climate change. Glaciers in the maritime
climate regime of the Nyaingentanglha region, for instance, have a large negative rate of mass loss, while glaciers
in the more continental climate regime of the Karakoram and Pamir regions have a small negative rate of mass
loss or even gain mass (Brun et al., 2017; Gardner et al., 2013). Maritime glaciers are more sensitive to climate
change than glaciers located in continental climates (O'Neel et al., 2014; M. Xu et al., 2012). Therefore, maritime
and continental glaciers may behave differently in response to future climate change in terms of glacier retreat
processes and glacier runoff regimes. To understand the response of both types of glaciers to climate change, it is
necessary to project future changes in glacier characteristics using glacier evolution models.

Glacier evolution can be divided into two different parts: the surface mass balance and glacier dynamics. Surface
mass balance is the difference between accumulation and ablation. Glacier dynamics are associated with changes
in glacier geometry (e.g., area, length, thickness, and volume) caused by changes in the glacier mass balance and
glacier rheological parameters (e.g., glacier temperature and glacier bed state). Frontal ablation is also an impor-
tant component of glacier mass budget for marine-terminating glaciers, which is dominated by mass loss due to
calving and submarine melt. Wind effects and sliding also impact the glacier mass budget, and are particularly
important over mountainous regions due to large slopes and strong wind. Historical glacier changes have been
extensively investigated in previous studies with more focus on changes in glacier mass balance, and surface
glacier mass balance models have been coupled with hydrological models to resolve glacier melt runoff (Gao
et al., 2012; Hagg et al., 2013; Konz & Seibert, 2010; Omani et al., 2017). Glacier area changes or ice dynamics
can be omitted considering that short-term glacier change is limited (Huss & Hock, 2015). Ice dynamics are an
essential glacier retreat process and glacier geometry change is significant when predicting long-term glacier
changes. Glacier geometry changes cannot be omitted in such a case, as the impact of changing glacier areas on
hydrological fluxes such as glacier runoff can be substantial. Driven by glacier mass balance simulation, glacier
dynamic models can be used to predict glacier changes in response to climate change.

For a snow and ice melt model that simulates the glacier mass balance process, temperature-index models are
appropriate for the HMA region, given its scarce and fragmented glacio-meteorological records due to complex
topography and inclement weather conditions. Temperature-index models generally require precipitation and
temperature data as forcing inputs, but they perform well in simulating snow and glacier melting processes
at daily and monthly steps (Hock, 2003; Huss & Hock, 2018) and have been applied in many studies (Chen
et al., 2017; Engelhardt et al., 2013; Han et al., 2019, 2021; Nolin et al., 2010; Rahman et al., 2013; Reveillet
et al., 2017). As in the case of glacier dynamic models, physically-based glacier dynamic models need a large
number of glacier observations (e.g., ice thickness, glacier surface velocity, surface temperature, and glacier
bedrock map) as forcing input, and the numerical simulation process is generally computationally expensive. But
with the increasing availability of regional/global data sets such as glacier mass loss rates (Hugonnet et al., 2021),
glacier terminus position (Kochtitzky & Copland, 2022), ice velocity (Millan et al., 2022) and ice thickness
(Farinotti et al., 2019a), regional/global glacier dynamic modeling approaches have been increasingly applied in
studies (Maussion et al., 2019; Wijngaard et al., 2019; Zekollari et al., 2022).

Empirical glacier evolution models solely need the surface mass balance simulation as driving data. Changes
in glacier geometry under climate change can then be projected based on the empirical relationships between
the glacier mass balance and glacier area (Huss & Hock, 2015; Seibert et al., 2018). Widely used empirical
glacier evolution models include volume-area scaling (V-A) approaches (Bahr et al., 1997; Hock et al., 2019;
Marzeion et al., 2020; Radi¢ & Hock, 2006), accumulation area ratio (AAR) approaches (Kulkarni, 1992;
Kulkarni et al., 2004; Schaefli et al., 2007), and Ah-parameterization approaches (Huss & Hock, 2018; Huss
et al., 2010; Rounce et al., 2020; Seibert et al., 2018). Volume-area or volume-length scaling approaches account

HAN ET AL.

2 0f22

35U8217 SUOWILIOD SAIIEa1D 3|gedt|dde ayy Aq pautenob ale sspie O ‘ash JO S3|nJ 1o} Arlq i auluQ AS|IM UO (SUO I} IPUOD-PUR-SWLIB)ALI0D" A8 | 1M AReid 1pUTUO//:Sd1Y) SUOIPUOD pUe SWB | 8yl 88S "[£202/90/S0] Uo ARigiauliuo A ‘AseAlun piofxo Ag 8T9SE0MMZZ02/620T OT/I0p/wod A8 M Areiqipuljuosgndnfe//:sdny wouy papeojumod ‘v ‘€202 ‘€26 776T



A2 |
MNI
ADVANCING EARTH
AND SPACE SCIENCE

Water Resources Research 10.1029/2022WR033618

(a) Parlung No. 94 Glacier (2.5 km?) (b) Dongkemadi Glacier (16.4 km?)
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Figure 1. Locations of the Parlung No. 94 Glacier, the Dongkemadi Glacier, automatic weather stations (yellow star in the top right inset panel), and ablation stakes

(red dots).

for variations in glacier length but in a simplistic fashion, and neglect changes in surface elevation (Huss &
Hock, 2015). The Ah-parameterization approach requires limited glacier input data, and can describe the glacier
thickness change at different elevations in response to an overall ice mass change (Huss et al., 2010). The
Ah-parameterization approach has been shown to be an efficient alternative to more complex glacier dynamic
models (Huss & Hock, 2015; Huss et al., 2010).

The main aim of this study was to develop a temperature-index snow and ice melt model coupled with an empir-
ical glacier evolution model (Ah-parameterization), apply the hybrid modeling approach to glaciers in different
climate settings, and improve our understanding of future evolution of different types of glaciers in response
to climate change. We focus on two glaciers on the Tibetan Plateau (TP): the Parlung No. 94 Glacier, a typical
maritime glacier on the southeast TP, and the Dongkemadi Glacier, a continental glacier located in the hinterland
of the TP. Glacier model parameters are derived through calibration with glacier mass balance observations
during the historical period (2008-2018 for the Parlung No. 94 Glacier and 1990-2010 for the Dongkemadi
Glacier). The model is then forced with outputs from six bias-corrected Global Climate Models (GCMs) selected
from the Coupled Model Intercomparison Project Phase 6 (CMIP6) to project changes in the area and volume
of the Parlung No. 94 Glacier and the Dongkemadi Glacier until year 2100. Glacier runoff and corresponding
peak water are also projected to assess the impact of glacier retreat on catchment hydrology in continental and
maritime climates.

2. Study Area and Data
2.1. Study Area

We focused on two glaciers: the Parlung No. 94 Glacier (maritime glacier) and the Dongkemadi Glacier (conti-
nental glacier), which have relatively complete glacier observation records. The Parlung No. 94 Glacier is a
typical valley-type glacier with an area of about 2.5 km? and an axis length of about 2.9 km. The glacier elevation
ranges from 5,000 to 5,600 m above sea level (a.s.l.) and decreases from south to north. The study area, roughly
ranging between 96°58'-97°E and 29°22'-29°24'N, is located in the southeast TP, which is influenced mostly
by the southeast monsoon and hence has the longest rainy season over the TP (Yang et al., 2013). The southeast
TP has about 6,000 maritime glaciers with a total area of about 9,470 km?, caused by abundant precipitation and
complex topography (Shi et al., 2008; Yang et al., 2010). There is an automatic weather station (AWS) operat-
ing in the study area, located about 7 km south of the Parlung No. 94 Glacier (96°57'E and 29°19’'N, Figure 1).
The AWS was set up in June 2006 with an elevation of 4,600 m a.s.l., providing precipitation, 2 m air tempera-
ture, wind speed and other meteorological observations (further information on the AWS can be found in Yang
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etal. (2013)). During 2008-2018, annual precipitation at the AWS ranged from 180 to 360 mm, with mean annual
precipitation of 269 mm, and annual mean air temperatures ranged from —2.3°C to —1.0°C with a mean annual
temperature of —1.6°C. S. J. Wang (2018) found that the mean annual temperature of the southeast TP increased
by 0.25°C per decade between 1961 and 2012. With a relatively high rate of warming, glaciers over the southeast
TP are expected to retreat quickly (Yang et al., 2008). For instance, the glacierized area in the Boxoila mountain
range in the southeast TP shrank by 12.7% from the 1970s to 2009 and, accordingly, the area of glacial lakes
increased by 26.8% (W Wang et al., 2011).

The Dongkemadi Glacier, located in the hinterland of the TP, is a compound valley glacier formed by the
south-facing Da Dongkemadi Glacier and the southwest-facing Xiao Dongkemadi Glacier. The Da Dongkemadi
Glacier is the main glacier, with an area of about 14.6 km?, an altitude range of 5,278-6,096 m, and a multi-year
glacier equilibrium line of 5,600 m. The Xiao Dongkemadi Glacier is a branch glacier with an area of about
1.76 km?, an altitude range of 5,375-5,903 m, and a multi-year glacier equilibrium line of 5,620 m. There is
an AWS set in the Base Camp (BC, 5,162 m) that records precipitation and air temperatures. The Dongkemadi
Glacier is a typical continental glacier with gentle slopes and little debris cover. The climate of the Dongkemadi
Glacier is characterized by a cold season and a warm season. The cold season is generally from October to May
in the following year, and the climate is cold and dry, affected primarily by westerly wind circulations. The warm
season lasts for only 4 months from June to September, during which the climate is warm and humid due to the
influence of the southwest Indian Ocean monsoon. According to AWS records, the multi-year average annual
precipitation of the Dongkemadi Glacier is 600 mm, and the precipitation is mainly concentrated in the warm
season (496 mm), accounting for 83% of the total precipitation.

2.2. Data
2.2.1. Meteorological Measurements

Precipitation and air temperatures are the most important forcing data for snow and ice melt modeling, and
precipitation and air temperature observations from AWSs were used in this study. The AWS used a Geonor
T-200B weighing bucket precipitation gauge to record the amount of precipitation, which is the collective mass of
solid (snow) and liquid (rain) precipitation. Due to instrumental failure and other possible factors, data gaps inevi-
tably exist for the precipitation and air temperature observations. Bias-corrected precipitation and air temperature
from ERAS were used to fill the data gaps and produce a consecutive precipitation and air temperature data
series during 2008-2018 for the Parlung No. 94 Glacier (1990-2018 for the Dongkemadi Glacier). ERAS is a
new climate reanalysis data set from ECMWF (5th generation) with a finer spatial grid (31 km) and higher time
resolution (hourly) than ERA-Interim that has a spatial and temporal resolution of 79 km and 3-hourly, respec-
tively (Hersbach et al., 2020). Compared with precipitation records from the T-200B gauge, precipitation data in
the corresponding grid cell from ERAS showed an overestimation for both frequency and total amount, as was
also confirmed by other studies (Hong et al., 2021; Jiang et al., 2021). Therefore, we used a scaling factor and
occurrence threshold to adjust ERAS precipitation data, to make it consistent with T-200B gauge precipitation
records, in terms of the cumulative number of precipitation events and cumulative precipitation amount. As for
air temperatures, a scaling factor and bias value were used to adjust ERAS air temperature data.

2.2.2. CMIP6 Data

The Coupled Model Intercomparison Project is organized by the World Climate Research Programme (WCRP),
and is now in its sixth phase (CMIP6). Simulation data produced by models under previous phases of CMIP have
been widely used in research, and shown to be helpful for improving our understanding of climate and the influ-
ence of climate change (Cook et al., 2020; Edwards et al., 2021; Hofer et al., 2020; O'Neill et al., 2016; Tokarska
et al., 2020; T. Wang et al., 2021). Here we used precipitation and air temperature data from six GCMs (i.e.,
CanESMS, EC-Earth3, GFDL-ESM4, MIROC6, MPI-ESM1-2-HR, and MRI-ESM2-0 with parent variant label
rlilp1fl) of three Shared Socioeconomic Pathway (SSP) scenarios (SSP126, SSP245, and SSP 585) as forcing
data to project future glacier changes. And using outputs from GCMs and RCMs (Regional Climate Models) as
forcing data will derives consistent results (Figure S8 in Supporting Information S2). The three SSP scenarios
assume continuous rise of carbon emissions with an additional radiative forcing of 2.6, 4.5, and 8.5 W/m? by the
year 2100, respectively. SSP126 is the optimistic scenario with green and sustainable economic growth, SSP245
represents the medium pathway of future greenhouse gas emissions, and SSP585 represents the highest warming
emission scenario with strong fossil-fueled economic growth (Gidden et al., 2019).
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To preserve the physical consistency between precipitation and air temperature data from CMIP6 and observa-
tions from the AWS, we applied a classic bias correction approach to adjust the precipitation and air temperature
data from CMIP6. The quantile mapping (QM) algorithm (Cannon et al., 2015) was used to correct systematic
distributional biases in precipitation output from CMIP6. The QM algorithm relies on the assumptions that the
cumulative distribution functions (CDFs) of precipitation output from CMIP6 and precipitation observations
from AWS are the same, and climate model biases to be corrected are stationary from the past to the future peri-
ods. Then the simulated future precipitation was corrected according to the CDFs of the observed and simulated
precipitation in the historical period. As for air temperature, CMIP6 output was corrected by adding bias values
for each month using the following equation:

AT(m) = Tobs(ms yl:y2) - Tmodc](ms y13y2) (1)

where AT(m) is the bias value for month m; T, (m, y1:y2) and T ,.,(m, y1:y2) are the mean air temperatures from
AWS's observations and CMIP6 in month m for periods y1 to y2 (year 2008-2014 in this study).

2.2.3. Ancillary Data Sets

There are five types of ancillary data sets used in this study: (a) Topographical information on the study area, that
is, a digital elevation model (DEM) is extracted from NASADEM with a spatial resolution of 30 m X 30 m, which
is a reprocessing of Shuttle Radar Topography Mission (SRTM) data by incorporating the best available other data;
(b) Successive mass balance measurements across the entire glacier and ablation stakes, which were carried out on
the Parlung No. 94 Glacier during 2008-2018 (downloaded from the world glacier monitoring service (WGMS)
at https://wgms.ch/). For the Dongkemadi Glacier, there are only glacier-wide mass balance observations available
from 1990 to 2010; (c) Farinotti et al. (2019a) estimated the ice thickness distribution of approximately 215,000
glaciers worldwide with glacier surface topography and five different ice dynamic models. The estimated ice thick-
ness distribution is used as initial ice thickness distribution for the Parlung No. 94 Glacier and the Dongkemadi
Glacier; (d) A glacier outline of year 2008 is provided through RGI version 6.0 (Consortium, 2017); and (e) Two
RapidEye satellite images acquired on 13 September 2013 and 17 September 2018. The two satellite images have a
high spatial resolution of 5 m X 5 m and were used to derive the outlines of the Parlung No. 94 Glacier in years 2013
and 2018, respectively. The GaoFen-7 (GF-7) satellite image with a high spatial resolution of 3 m X 3 m acquired
on 26 February 2021 was used to derive the outlines of the Dongkemadi Glacier in 2021. Comparisons between
observations and simulations for glacier outlines are provided in Figures S9—S11 in Supporting Information S2.

3. Methodology
3.1. Snow and Ice Melt Model Description

A temperature-index snow and ice melt model (TSI) was used here, driven by topographic data (elevation, aspect,
and slope for the study area) and meteorological data (daily precipitation and temperature). The glacier area of
the catchment is simulated with two conceptual reservoirs: glacier ice and liquid water in the glacier. Snowpack
could exist on the top of the glacier and is also represented with a solid and a liquid reservoir for snow and water
content, respectively. Precipitation is partitioned into solid (snow), liquid (rain), and mixed phases in terms of the
air temperature and temperature thresholds.

0 TairZT}
Tair_T;
R: —_— -Po Ts<Tair<T
= (B=E) , @
Rot TuirST;'

where P and P,
rainfall and snowfall, respectively; and T, is the air temperature.

are the solid and total precipitation, respectively; 7, and T are the temperature thresholds for

Air temperature at each grid cell is assumed to decrease linearly with elevation and determined by a constant
lapse rate (d7/dz), while precipitation is interpolated with a constant precipitation gradient (dP/dz). In addition, a

precipitation correction factor is needed to account for gauge under-catch errors (C__ ). Hence, the precipitation

prec
and air temperature are calculated as follows:

Pichrec'PAWS'(]+(Zi_Zref)'dP/dZ) (3)
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Ti = Taws — (2i = zZeet) - dT /d z) “4)

where P/T, is the interpolated precipitation/air temperature at grid cell i; P ,yo/T s 1S the observed precipitation/
air temperature from AWS; z; is the elevation of grid cell i; and z,; is the elevation of the AWS (4,600 m).

The liquid precipitation (rainfall) is added to the water content of snow or the liquid reservoir of glaciers if there is
no snowpack layer. Part of liquid water may refreeze under cold weather conditions. As for solid precipitation, the
spatial variation in snow accumulation is influenced by snowdrift, avalanches, and wind redeposition. The effect
of snowdrift and avalanches is taken into account by decreasing snow accumulation from 100% to 0% between a
slope angle of 40°—60° (Huss et al., 2008). Wind redeposition is well indicated by curvature (Bloschl et al., 1991),
and the solid precipitation is multiplied a factor that varies between 0.5 and 1.5, depending on the curvature value
taken to describe the differential deposition of snow.

Temperature-index modeling of snow and ice melt has a stronger physical basis than previously assumed
(Ohmura, 2001), because snow and ice melt is highly correlated with longwave heat flux, which can be well
represented by air temperature. Here the snow or ice melt was calculated at every grid cell.

DDE‘snow/icc . (Tair - snow/icc,mlt) Tair > Rnnw/icc.mll
Msnow/ice = (5)
0 Tair < Rnuw/ice,mlt

where M_ is the

snow/ice

is melted snow/ice; T,

snow/ice,mlt

is the snow/ice melting temperature threshold; and DDF

snow/ice

degree-day factor for snow/ice.

We applied an additional topographic factor for the snow degree-day factor, so as to consider the faster and slower
snowmelt due to the effects of slope and aspect. DDF__ is calculated as follows:

snow

DDanow = DDanow,O N (1 - AM - sin(s) ‘ COS(U)) (6)

where AM is a calibrated parameter; s is slope; a is aspect; and DDF, ., is calculated from an application of a
sinusoidal equation:

ds.m + ds,m ds,m - d&m . 2
DD Faono = 16 . 1t12 + 1t6 . 1t12 ~Sll’l<% - (doy — 81)) %

where d_ ¢ and d

s,mlt s,mltl

tively, and doy is the day of the year (Fontaine et al., 2002).

, are the maximum and minimum snowmelt factors on 21 June and 21 December, respec-

Melted snow or ice is added into the liquid reservoir of snow or glaciers, and the water content exceeding snow-
pack water holding capacity will enter the liquid water reservoir of glaciers. If the temperature is below the
temperature threshold, part of the water content in the snow layer refreezes. Therefore, the annual net glacier mass
balance is calculated as follows:

Bnet = Ps - Mice + Cre (8)

where B, is the annual net glacier mass balance; P, is the solid precipitation; M, is the ice melt; and C,, is the

net
refrozen water.

3.2. Calibration of Model Parameters and Validation of Model Performance

Parameters that need to be calibrated are shown in Table 1 and we set parameter ranges following previous stud-
ies. More specifically, parameter boundaries related to melt and accumulation processes (T}, T, Ty, wsicemi Ds.mie?
d, 12> and DDF, ) were determined according to Chen et al. (2017) and Han et al. (2019), parameter boundaries
related to forcing data (d7/dz, dP/dz, and Cprec
of AM was set as 0.01 to 0.98 following Stahl et al. (2008). Glacier-wide mass balance observations from in-situ

) were determined according to Hagg et al. (2013), and the range

measurements were used as calibration reference and validation data. We used the NSGA-II algorithm (Deb
et al., 2002) for optimizing model parameters by maximizing the match between modeled and observed glacier
mass balances (Eis et al., 2021; B. Marzeion et al., 2012; Schuler et al., 2007), and their calibrated values for the
Parlung No. 94 Glacier and the Dongkemadi Glacier are provided in Table 1.

HAN ET AL.
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Table 1
Parameters of the TSI Model That Need to Be Calibrated and Their Values for the Parlung No. 94 (P) Glacier and the Dongkemadi Glacier (D) in This Study
Parameter Description Unit Lower bound Upper bound Value for P Value for D
T, Snowfall temperature threshold °C —4 2 —-1.1 -1.0
T, Rainfall temperature threshold °C =3 3 2.9 3
T o mit Snowmelt temperature threshold °C —6 3 0.2 -0.9
dy e Max. snowmelt factor mm °C~! d-! 3 8 5.4 6.7

- Min. snowmelt factor mm °C~! d-! 0 3 3 0.01

dT/dz Temperature lapse rate °C/km 4 8 5 6.9
dP/dz Precipitation gradient constant %/100 m 1 30 20 18
Coree Precipitation correction factor - 1 2 2 1.1
AM Influence factor of aspect/slope on snowmelt - 0.01 0.98 0.92 0.9
T et Ice melting temperature threshold °C -6 3 0.1 -0.8
DDF,, Degree-day factor for ice mm °C~! d-! 6 10 74 9.7

For the Parlung No. 94 Glacier, glacier-wide mass balance observations of balance years 2013/2014 (13/14)
to 2017/2018 (17/18) were used for calibration, and mass balance years from 2007/2008 (07/08) to 2012/2013
(12/13) were set as the validation period. For the Dongkemadi Glacier, glacier-wide mass balance observations
are only available for the Xiao Dongkemadi Glacier. Calibration and validation periods for the Xiao Dongke-
madi Glacier were set as mass balance years 1990/1991 (90/91) to 1999/2000 (99/00) and 2000/2001 (00/01) to
2009/2010 (09/10), respectively. To evaluate the performance of glacier mass balance simulation, we calculated
the root-mean-square error (RMSE), Pearson correlation coefficient (CC), and mean relative bias (Bias) as perfor-
mance metrics (Table 2).

where Sim(i) is the simulated variables, Obs(i) is the observed variables, Sim is the mean of the simulations, and

Obs is the mean of the observations.

3.3. Ah-Parameterization

To predict the dynamic response of glacier geometry to climate change, we need to translate glacier mass changes
into area changes. We applied an empirical glacier dynamic model (Ah-parameterization method) for glacier
geometry simulation (Huss et al., 2010; Seibert et al., 2018). The Ah-parameterization approach incorporates a
single-valued relationship between the glacier mass and glacier area. Then glacier area changes can be calculated
based on the relationship and the glacier mass balance changes from the TSI model. Specifically, we need to
compute how glacier area changes with a given glacier mass balance change based on an initial glacier area and
glacier ice thickness values with elevation (termed “initial glacier profile”; in the following, glacier area from
RGI 6.0 and ice thickness from Farinotti et al. (2019a) are used as the initial glacier profile). The calculated
glacier area changes with corresponding glacier mass balance changes are then recorded to produce a lookup
table (Seibert et al., 2018). To ensure smooth changes, the calculations here are applied elevation bands with a

Table 2
Performance Metrics Used in Evaluating the Simulated Variables Against Observations
Statistic metrics Equation Perfect value
Root-mean-square error (RMSE) " 5 0
(Sim(i)—Obs(i))
RMSE = ’:'%
Pearson correlation coefficient (CC) 3 (o;;.m)-ﬁ)( S,m([>_m) 1
CC = n = 2 n 2
\/,§| (obs1-0bs) z (ssim()=3im)
Mean relative bias (Bias) 3 Simii—'3, Obs(i) 0
Bias = =L — =
;1 Obs(i)
HAN ET AL. 7 of 22
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resolution of 5 m. First, the initial total glacier mass (M,

> i0 kg) is calculated from the initial glacier profile, that

is, glacier area and ice thickness in year 2008:

N

Mini = pice - Z a; - h; ©)

i=1

where a; and h, are glacier area (in m?) and glacier ice thickness (in m) for each elevation band i; and p,, is the ice
density (850 kg/m?3). Then the glacier is melted in steps of AM (1% of the initial total glacier mass in this study) to
generate the lookup table. For the glacier melting process, we selected one of three parameterizations suggested by
Huss et al. (2010) to calculate the normalized ice thickness change (Ah,, dimensionless) for each elevation band:

Ah; = (Ei,norm + a)y + b( Ei.norm + a) +c (10)

where a, b, ¢, and y are empirical coefficients and their values are —0.3, 0.6, 0.09, and 2, considering that the
Parlung No. 94 Glacier is a small glacier (glacier area is about 2.6 km? < 5 km?); and E, .., is the normalized

elevation for each elevation band i, which is computed from the maximum and minimum elevations of the glacier
(E,..and E_, ), and the corresponding absolute elevation (E)):

max min

E: _ Emax_Ei (11)
promm Emax - Emin
Next, the scaling factor (f;, in m) that scales the magnitude of the dimensionless normalized ice thickness change
is calculated:

AM
fs=

N
Pice * Z ai - Ah;

i=1

12)

Then, the ice thickness of elevation band i is updated as follows:
hig1 = hix + fsAh; (13)

where h,, and h, | are the ice thickness of elevation band i after reducing the glacier mass k and k + 1 times by AM.

After the ice thickness of each elevation band is updated, the glacier area for each elevation band also needs to be
updated, so as to take the area reduction into account. Here the relationship between the glacier width and glacier
thickness proposed by Bahr et al. (1997) is applied to scale the glacier area of each elevation band:

Qi scaled = Qijinitial * 'V hi/hi,initial (14)

where a; .4 and a;;,,;,, are scaled and initial glacier areas for elevation band i; and ; and h,; ;. are updated and
initial ice thickness for elevation band i.

As the glacier is melted from steps of 0%—100% of the initial glacier mass, the lookup table recording correspond-
ing glacier area and ice thickness for each elevation band is created. The use of a lookup table to represent the
mass—area relationship allows for the inclusion of advancing glaciers. Finally, in the actual simulation of changes
in glacier geometry, the glacier extent is updated at the beginning of each mass balance year (1 September).
The TSI model provides the glacier mass balance change, and corresponding glacier area and ice thickness for
each elevation bands are extracted from the lookup table to update glacier geometry. Therefore, by coupling the
empirical glacier dynamic model (Ah-parameterization) with the TSI model (TSI-A/% model), the TSI-AZ model
is able to predict the glacier's dynamic response to future climate change (Figure 2).

3.4. Glacier Runoff

Following Rounce et al. (2020), the glacier runoff, Q, is defined as all water that leaves the initial glacierized area,
and is computed as follows:

O = piiquia + ablation — refreezing (15)

where Q is referred to as “fixed-gauge” glacier runoff since it is equivalent to the runoff that would be measured
at a virtual fixed-gauge station at the initial glacier terminus. The “fixed-gauge” glacier runoff can be divided

HAN ET AL.
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Figure 2. Flowchart of the TSI-A% model describing the response of glacier areas to glacier mass changes.

into two parts: (a) runoff from the changing glacierized area, referred to as “moving-gauge” glacier runoff, which
equals runoff that would be measured at a virtual gauging station that moves with changing glacier terminus
and (b) runoff from the ice-free area that was initially ice-covered, and is referred to as “off-glacier” runoff. The
off-glacier runoff is computed as the sum of rain, seasonal snow melt, and refreezing from the non-glacierized
portion of the initial glacier area.

4. Results
4.1. Performance of Glacier Mass Balance Simulation

Time series of simulated glacier mass balance for the Parlung No. 94 Glacier and the Dongkemadi Glacier are
shown in Figure 3, and Table 3 shows corresponding performance metrics. With the calibrated parameter set
using the NSGA-II algorithm, the TSI model performs well and simulated glacier mass balances are consistent
with observations. For the Parlung No. 94 Glacier, modeled and measured results are very close during the cali-
bration period, with a CC value of up to 0.99, an RMSE value of only 0.03 m w.e., and a Bias value of 0.02. The
model performance degrades to some extent during the validation period, but it is still acceptable for the entire
period given the relatively good performance metrics with an RMSE value of about 0.39 m w.e., CC value of 0.71,
and Bias value of about —0.12. The performance degradation during the validation period is caused mostly by the
poor performance in balance year 2011/2012, which shows large overestimation. According to the comparison of
glacier mass balance simulation and forcing data (mean summer air temperature and mean winter precipitation,
referring to Figure S1 in Supporting Information S2), winter precipitation in balance year 2011/2012 was abnor-
mally high, given that Southwest China experienced a severe drought in 2011-2012 (Tang et al., 2014), resulting
in more accumulation and therefore overestimation of glacier mass balance.

For the Dongkemadi Glacier, results show that simulated glacier mass balance changes are consistent with obser-
vations. Performance metrics in Table 3 also indicate that the simulation performs well with RMSE values of
about 0.22 m w.e. and CC values higher than 0.8 during all time periods. The Bias value is merely 0.02 during

HAN ET AL.
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Table 3

Performance Metrics for the Glacier Mass Balance Simulation of the
Parlung No. 94 Glacier and the Dongkemadi Glacier

—4—Obs —#—Simu
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Figure 3. Temporal evolution of the annual net mass balance for (a) the Parlung No. 94 Glacier and (b) the Dongkemadi
Glacier. Gray shaded areas indicate calibration periods.

the calibration period, but decreases to —0.27 due to underestimation during the validation period. In addition,
observations show that the Xiao Dongkemadi Glacier experienced positively mass balanced years of 91/92, 92/93
and 96/97, which are accurately captured by the model simulation except for 92/93 mass balance year. Further-
more, consistent with previous studies (Pu et al., 2008), the glacier mass balance of the Xiao Dongkemadi Glacier
has changed from significant positive equilibrium to negative since 1993, and the rate of glacier retreat shows an
accelerating trend.

As shown in Braithwaite and Hughes (2020), the balance amplitude tends to be large for maritime glaciers with
warm/wet climates, in which both accumulation and ablation are large, and glaciers are likely to have large net
balances. In contrast, continental glaciers with cold/dry climates tend to have a low balance amplitude, in which
accumulation and ablation are small, and net balances are likely to be small (negative or positive). Glacier mass
balance changes over the two glaciers with different climate settings are in accordance with previous research.
The continental glacier (Xiao Dongkemadi Glacier) has a lower balance amplitude than the maritime glacier (the
Parlung No. 94 Glacier), and the multi-year average net balance rate is —289 mm w.e. a~! with some positively
balanced years. The Parlung No. 94 Glacier has a larger net balance with a multi-year average net balance rate of
—1,048 mm w.e. a~!, and the glacier is continuously retreating.

To further investigate the performance of simulated glacier mass balance and parameter uncertainty, we
performed for each glacier a Monte Carlo run of 10,000 random parameter sets with boundaries shown in Table 1
(M. Engelhardt et al., 2014; Kuczera & Parent, 1998). The 100 best runs with the lowest RMSEs were selected
and compared with the best model run optimized by the NSGA-II algorithm (referring to Text S1 in Supporting
Information S1 and Figures S2-S5 in Supporting Information S2), indicating that simulation results with the
NSGA-II calibration scheme are accurate and reliable.

4.2. Projection of Glacier Retreat Based on CMIP6 Output

Using precipitation and temperatures from six CMIP6 GCMs under three
different SSPs as forcing data, the TSI-A/# model can generate the dynamic
response of the glacier geometry under future climate change. Figure 4 shows

Parlung No. 94 Dongkemadi time series of multi-GCM means of bias adjusted temperature and precipi-

RMSE ~ CC Bias RMSE CC  Bias tation changes relative to the mean from 2008 to 2018. For the Parlung No.

94 Glacier and the Dongkemadi Glacier, the temperature under the SSP126

Gl e L) Uiz 0.02 0.22 0-80 0.02 scenario is projected to increase by ~1.3°C and 1.8°C, respectively, by the
Validation period 053 066 -023 021 086 -027  mid-2]st-century relative to the 2008—2018 mean, and then stabilize. SSP245
Whole period 039 071 -012 022 083 -0.17  projects a relatively steady temperature increase of ~2.8°C and 3.2°C by

Note. Unit for RMSE is m w.e., CC and Bias are dimensionless. RMSE, root-
mean-square error; CC, Pearson correlation coefficient; Bias, mean relative

bias.

2100 for the two glaciers. SSP585 projects a constant increase in temperature
throughout the century such that temperatures of the Parlung No. 94 Glacier
and the Dongkemadi Glacier are projected to increase by ~5.6°C and 6.3°C
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Figure 4. Multi-Global Climate Model means (1 standard deviation) of bias adjusted temperatures (a, b) and precipitation
(c, d) changes, relative to the mean from 2008 to 2018 for the Parlung No. 94 Glacier (a, c) and the Dongkemadi Glacier (b,
d) from 2018 to 2100. Uncertainty is only shown for SSP126 and SSP585 for clarity.
by 2100. Precipitation changes are more variable, and the precipitation increase is largest under the SSP585
scenario, which is projected to increase by ~42% and 48% relative to the 2008-2018 mean.

Figure 5 shows changes in glacier area and volume for the Parlung No. 94 Glacier and the Dongkemadi Glacier
under three SSPs from years 2018-2100. Spatial distribution projections of future ice thickness are shown in
Figures S12-S13 in Supporting Information S2. Projections indicate that from 2018 to 2100, the Parlung No.
94 Glacier may experience a mass loss of 80% + 14% (SSP126), 88% + 8% (SSP245), and 98% + 3% (SSP585)
relative to 2018, and the Dongkemadi Glacier may experience a mass loss of 75% + 23% (SSP126), 88% + 12%
1 1 ——SSP126 ——SSP245 ——SSP585
0.75 1075}
g 051 1 051
<
025 3 0251
(a) Parlung No.94 (b) Dongkemadi
o+ : : : (ke : : :
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Figure 5. Multi-Global Climate Model means (1 standard deviation) of normalized glacier area (a, b) and glacier volume
(c, d) remaining, relative to 2018, from 2018 to 2100 for the Parlung No. 94 Glacier (a, c) and the Dongkemadi Glacier (b, d).
Uncertainty is only shown for SSP126 and SSP585 for clarity.
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Table 4 (SSP245), and 97% + 4% (SSP585). As expected, the mass loss by 2100
Projected Years for the Glacier Areas of the Parlung No. 94 Glacier and the increases for higher emission scenarios. Compared with the Parlung No. 94
Dongkemadi Glacier Decreasing to Half of the Area Measured in 2018, and Glacier, glacier retreat rates for the Dongkemadi Glacier are relatively low,
Remaining Glacier Area in 2100 Under the Three SSPs (SSP126, SSP245, especially at the early stage of glacier retreat. These findings further indi-
and SSP585)

cate that the continental glacier (Dongkemadi) is likely to have smaller mass

Parlung No. 94 Glacier

Dongkemadi Glacier balance change rates than the maritime glacier (Parlung No. 94).

Seenario Year g(z% Rl Vi 3(:‘1% 4 e;;?e)m/ Table 4 shows the projected years by when the areas of the Parlung No. 94
Glacier and the Dongkemadi Glacier are likely to have decreased to half of
SSP126 2018 237 100 2018 15.39 100 the area measured in 2018, and the projections of remaining glacier areas
2068 1.18 50 - - - by 2100 under the three SSPs scenarios. Table 5 shows results for glacier
2100 0.83 35 2100 7.94 52 volume. Compared with the state of the Parlung No. 94 Glacier in 2018 (i.e.,
SSP245 2066 1.19 50 2081 769 50 glacier area was about 2.37 km? and glacier volume was about 0.133 km?),
the projected years for glacier area halving under SSP126 and SSP245 are
2100 0.52 22 2100 5.68 37 .
pretty close, namely 2068 and 2066, respectively. In other words, the rates
DD D Lol o2 e WD el of retreat are similar, due to a similar temperature increase for SSP126 and
2100 0.12 5 2100 2.55 17 SSP245 by the mid-21st-century (Figure 4). Under the SSP585 scenario, the
Parlung No. 94 Glacier is likely to halve its 2018 glacier area by 2055, and
shrink to 0.12 km? by the end of this century, which is merely 5% of the area
estimated in 2018.
For the Parlung No. 94 Glacier, projected years for the glacier volume halving under SSP126 and SSP245 are
also close, namely about 2046, and the glacier volume will halve by 2041 under SSP585 (Table 5). Hence, corre-
sponding years when the glacier volume of the Parlung No. 94 Glacier is projected to halve, relative to 2018,
are 14-23 years earlier than the years estimated for glacier area, and this is related to the glacier retreat process.
At the early stage of glacier melting for the Parlung No. 94 Glacier, glacier change is dominated by thinning
processes due to the thick ice in ice tongue areas. As the ice thickness decreases, the glacier volume will decrease
rapidly, but the glacier area may decrease more slowly as the thick ice has not melted completely. Hence, the rate
of glacier area reduction is much smaller than the rate of glacier volume reduction, and the corresponding year
for the glacier volume decreasing to 50% is earlier than that of glacier area. Overall, the Parlung No. 94 Glacier is
expected to recede continuously even under the most optimistic climate scenario (SSP126), and it to melt almost
entirely by 2100 under the worst climate scenario (SSP585).
As for the Dongkemadi Glacier, the glacier retreat rate is slower than that of the Parlung No. 94 Glacier.
Compared with the glacier state in 2018 (i.e., the glacier area was about 15.39 km? and glacier volume was about
1.146 km?), the glacier area of the Dongkemadi Glacier is projected to reduce to 52% by 2100 under the SSP126
scenario. Corresponding years for the glacier area halving relative to 2018 under the SSP245 and SSP585 scenar-
ios are 2081 and 2069, respectively, which is about 14 years later than for the
Parlung No. 94 Glacier. For the Dongkemadi Glacier, corresponding years
Table 5 for the glacier volume halving relative to 2018 under three SSP scenarios are
Projected Years for Volumes of the Parlung No. 94 Glacier and the 5-11 years later than for the Parlung No. 94 Glacier.
Dongkemadi Glacier Decreasing to Half of the Volume Measured in 2018, L. . .
and Remaining Glacier Volumesin 2100 Under the Three SSPs (SSPIZ6, Similar to the retreat process of the Parlung No. 94 Glacier, the glacier

SSP245, and SSP585)

change of the Dongkemadi Glacier is also dominated by thinning processes

Parlung No. 94 Glacier

Dongkemadi Glacier at the early stage of the glacier melting. Hence, corresponding years when

the glacier volume of the Dongkemadi Glacier decreasing to a half are

s oy V‘i(lur?e/ = er;em/ v Voklur?e/ = er;em/ 20-29 years earlier than that of glacier area. This lead time of the Dong-
cenano car (km’) %) car (km’) %) kemadi Glacier is longer than that of the Parlung No. 94 Glacier, which is
SSP126 2018 0.133 100 2018 1.146 100 related to the dominating duration of thinning in the glacier melting process
2045 0.067 50 2056 0.577 50 and is further discussed in Text S2 in Supporting Information S1 and Figure
2100 0.027 20 2100 0.284 25 S6 in Supporting Information S2.
SSP245 2047 0.067 50 2052 0.568 50
2100 0.016 12 2100 0.139 12 4.3. Projection of Glacier Runoff Based on CMIP6 Output
SSP585 2041 0.067 50 2049 0.566 49
Glacier runoff reflects the volume change of glaciers, and is affected by a
2L 0000 2 2L DRER . combination of glacier area and glacier mass balance. As glaciers recede,
HAN ET AL. 12 of 22
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Figure 6. Time series of multi-Global Climate Model means (+1 standard deviation) of annual fixed-gauge glacier runoff
(i.e., the runoff from the initially glacierized area for the Parlung No. 94 Glacier (a) and the Dongkemadi Glacier (b) for each
Shared Socioeconomic Pathway (SSP) scenario from 2018 to 2100), relative to the mean annual fixed-gauge glacier runoff
from 2008 to 2018. Uncertainty is only shown for SSP126 and SSP585 for clarity. Dashed lines show peak water for each SSP
scenario.

water is released from long-term glacial storage. Annual glacier runoff typically increases until reaching a maxi-
mum, often referred to as “peak water.” Then the runoff decreases because the reduced glacier area cannot support
rising meltwater volumes anymore. Figure 6 shows time series of multi-GCM mean of annual fixed-gauge glacier
runoff for the Parlung No. 94 Glacier and the Dongkemadi Glacier under the three SSPs scenarios from 2018
to 2100, relative to the mean annual glacier runoff from 2008 to 2018. From the projected time series of annual
glacier runoff, peak water was calculated based on 11-year moving averages following Huss and Hock (2018).
Projections of fixed-gauge annual glacier runoff indicate that peak water of the Parlung No. 94 Glacier is likely
to be reached by 2023, 2037, and 2048 under the three SSPs scenarios, followed by declining glacier runoff. As
for the Dongkemadi Glacier, peak water years under three SSPs scenarios are 2051, 2072, and 2072, respec-
tively. The early peak water timing of the Parlung No. 94 Glacier indicates that it has already been experiencing
a high mass loss rate since 2000, while the Dongkemadi Glacier is at the early stage of glacier retreat (Shean
et al., 2020). On the other hand, the Dongkemadi Glacier is a continental glacier with a low mass loss rate, and
the peak water year is much later than that of the Parlung No. 94 Glacier.

Figure 6 also indicates that the continental glacier (the Dongkemadi Glacier) produces larger peak glacier
runoff than the maritime glacier (the Parlung No. 94 Glacier). Increases in annual glacier runoff for the Dong-
kemadi Glacier when peak water occurs can be substantial, that is, +48% (SSP126), +52% (SSP245), and +84%
(SSP585) of the initial glacier runoff. However, increases in glacier runoff for the Parlung No. 94 Glacier are
relatively small in comparison, as the glacier runoff increases by 12%—23% under the three SSPs scenarios. Rela-
tive increases in glacier runoff tend to be more pronounced for higher emission scenarios, which is consistent
with previous studies (Huss & Hock, 2018; Rounce et al., 2020). Under lower emission scenarios, it is likely that
glaciers will reach a new equilibrium more easily, so the glacial runoff will reach a peak earlier in this century.
But under higher emission scenarios, in contrast, increased glacier melting caused by higher temperatures will
result in larger glacier runoff and delay the peak water years.

Figure 7 shows components of fixed-gauge glacier runoff for the Parlung No. 94 Glacier and the Dongkemadi
Glacier under three scenarios. Results indicate that the timing of peak water is controlled mostly by glacier
meltwater, which is the largest contributor of fixed-gauge glacier runoff. For the Parlung No. 94 Glacier, multi-
year mean glacier melt from 2018 to 2100 accounts for ~62% of fixed-gauge glacier runoff in SSP585, and
the contribution is even larger for earlier years and lower emission scenarios. As for the Dongkemadi Glacier,
multi-year mean glacier melt from 2018 to 2100 accounts for ~67% of fixed-gauge glacier runoff in SSP585. The
starting point of the sharp decrease in glacier melt is later for higher emission scenarios due to higher tempera-
tures and increased glacier melting. This timing is also later for the Dongkemadi Glacier than the Parlung No. 94
Glacier due to the continental glacier's lower rate of mass balance change. Therefore, the peak water year is later
for higher emission scenarios and for continental glaciers than maritime glaciers. As for the magnitude of peak
glacier runoff, it is related to glacier melt together with precipitation. Precipitation of the two glaciers shows an
increasing trend from 2018 to 2100, and is particularly obvious in SSP585 (Figure 4). With later timing of peak
water, the amount of precipitation is expected to be larger and contribute more to the glacier runoff. Therefore, the
peak glacier runoff is also larger for higher emission scenarios and for continental glaciers than maritime glaciers.
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Figure 7. Multi-Global Climate Model mean of annual fixed-gauge glacier runoff and various components for the Parlung No. 94 Glacier (a, ¢, and e) and the

Dongkemadi Glacier (b, d, and f) under the SSP126 (a, b), SSP245 (c, d) and SSP585 (e, f) scenarios from 2018 to 2100, relative to the mean annual fixed-gauge glacier

runoff from 2008 to 2018.

As glaciers retreat, glacier melt will decrease and the extent of ice-free areas that were initially ice-covered will
increase. Hence, the two components, that is, off-glacier precipitation and off-glacier melt, which are generated
from ice-free areas are expected to become increasingly important components of fixed-gauge glacier runoff.
However, the ratios of off-glacier precipitation to off-glacier melt for the Parlung No. 94 Glacier and the Dong-
kemadi Glacier are different (1.37 and 1.87, respectively, for multi-year mean from 2018 to 2100), which is
related to glaciers' climate conditions. The Parlung No. 94 Glacier is a maritime glacier which can receive much
precipitation as snow, and the amount of off-glacier (seasonal snow) melt is relatively large. Precipitation of the
Dongkemadi Glacier is mainly concentrated in the warm season, and the amount of seasonal snow on ice-free
areas is limited compared with liquid precipitation during summer monsoon. Figure 7 also shows the difference
between fixed-gauge glacier runoff (black line) and moving-gauge glacier runoff (black dashed line) that excludes
off-glacier runoff (Bliss et al., 2014). Compared with the fixed-gauge glacier runoff, using moving-gauge glacier
runoff is likely to substantially underestimate the timing and amount of peak water for both glaciers. Therefore,
taking fixed-gauge glacier runoff as glacier runoff seems more reasonable, and it also has greater utility for water

resource managers and people who live downstream from glaciers.

Figure 8 shows relative components of fixed-gauge glacier runoff for each month at the end of the century
(2090-2100) for the Parlung No. 94 Glacier and the Dongkemadi Glacier, relative to monthly runoff from 2008
to 2018 under three scenarios. The Parlung No. 94 Glacier is projected to experience significant reductions in
fixed-gauge monthly glacier runoff (about —38%, —35%, and —27% for the SSP126, SSP245, and SSP585 scenar-
ios, respectively). Peak month shows an advancing trend, advancing from August in the historical period to July
for SSP126, and even to June for SSP245 and SSP585. The reason for this change is that the maritime glacier is
largely influenced by the southeast monsoon, and off-glacier (seasonal snow) melt together with precipitation
are expected to become increasingly important components of fixed-gauge glacier runoff as glaciers retreat.
Glacier melt contributes merely ~9% in June for the Parlung No. 94 Glacier under SSP585, while precipitation
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Figure 8. Mean monthly fixed-gauge glacier runoff averaged over 2008-2018 and 2090-2100 for the Parlung No. 94 Glacier
(a, ¢, and e) and the Dongkemadi Glacier (b, d, and f) under the SSP126 (a, b), SSP245 (c, d) and SSP585 (e, f) scenarios.
Runoff for both periods is normalized relative to the maximum monthly runoff from 2008 to 2018. Relative contributions
from various components are shown for the runoff from 2090 to 2100.
and seasonal snow melt contribute ~47% and 44%, respectively. As a maritime glacier, a large amount of precip-
itation of the Parlung No. 94 Glacier falls as snowfall in winter months, and earlier timing of snowmelt leads to
the advance of the peak glacier runoff month. As for the Dongkemadi Glacier, the peak of fixed-gauge monthly
glacier runoff is projected to change slightly (about —2% to —5% for three scenarios), due to increasing precip-
itation (contributes ~22% of fixed-gauge glacier runoff in the historical period while ~54% in SSP585) despite
glacier melt decreases. The peak month for the Dongkemadi Glacier is not expected to change, because most of
the precipitation and melting of this accumulation glacier occurs in the summer (Liang et al., 2018).
5. Discussion
5.1. Relationship Between Glacier Retreat Rates and Forcing Data From CMIP6
To explore the relationship between glacier retreat rates and forcing data from CMIP6, we compared changes
in glacier area and volume estimated with the different bias-corrected GCM outputs as forcing data (Figure 9).
Changes in glacier area and volume are quite variable when using different GCM outputs under any SSP scenario.
The glacier area and volume decrease at the highest rate when using MRI-ESM2-0 model outputs, followed by
the CanESM5, EC-Earth3, and GFDL-ESM4 models. Both the MIROC6 and MPI-ESM1-2-HR models corre-
spond to the lowest glacier retreat rate.
Figure 10 shows boxplots of total precipitation during winter (i.e., December—February in the following year)
and mean air temperature during summer (i.e., June—August) over the 2018-2100 period from six GCMs under
three SSP scenarios. Total precipitation during winter was selected for its direct relationship with glacier accu-
mulation, whereas mean air temperature during summer is related to glacier ablation. Total winter precipitation
has no obvious differences under the three scenarios, whereas mean summer air temperature has a higher value
under the SSP585 scenario. Furthermore, the variation range of mean summer air temperature is larger under the
SSP585 scenario than the SSP126 scenario. By comparing the projections of total winter precipitation and mean
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Figure 9. Changes in glacier area (left column) and volume (right column) for the Parlung No. 94 Glacier with outputs from
six Global Climate Models as forcing data under three Shared Socioeconomic Pathway scenarios from 2008 to 2100.
summer air temperatures from GCMs outputs with changes in corresponding glacier areas and volume, a distinct
relationship between the mean summer air temperature and the glacier retreat rate is found, which is consistent
with previous studies (Sagredo et al., 2014; Vuille et al., 2008).
Mean summer air temperatures from the MRI-ESM2-0 model are higher than other models under all three SSP
scenarios, and both the MIROC6 and MPI-ESM1-2-HR models have the lowest air temperatures. Hence, the glacier
retreat rate from the MRI-ESM2-0 model is highest. Furthermore, the mean summer air temperature under the
SSP585 scenario is about 1.4°C higher than the temperature under the SSP126 scenario, resulting in higher glacier
retreat rates. As for total winter precipitation, no obvious relationship with the glacier retreat rate was found. Over-
all, glacier retreat rates respond more to summer air temperatures than winter precipitation, because the magnitude
and importance of glacier ablation is larger than glacier accumulation if the glacier is in a retreating state.
5.2. Comparison With Previous Studies
Few studies have focused on the Parlung No. 94 Glacier and the Dongkemadi Glacier; thus, we compare our glacier
projection results with regional-scale glacier projections from previous studies. This comparison might not be rigor-
ous because neighboring glaciers can show significantly different mass balances despite a similar regional climate
(Moholdt et al., 2010; Zhao et al., 2022), but it provides insights into changes in these two glaciers in the future.
For the Parlung No. 94 Glacier located in the southeast TP, comparisons can be made with regional glacier
projections for South East Asia in Hock et al. (2019) and Marzeion et al. (2020) or a more specific region of the
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Figure 10. Total precipitation (left column) during winter (i.e., December—February in the following year) and mean air temperature (right column) during summer
(i.e., June—August) from six Coupled Model Intercomparison Project Phase 6 Global Climate Models under three Shared Socioeconomic Pathway scenarios from 2018

to 2100.
Nyaingentanglha Mountain in Rounce et al. (2020). Hock et al. (2019) systematically compared global-scale
glacier mass change projections from six published global glacier models as part of the Glacier Model Intercom-
parison Project (GlacierMIP). Glacier mass projections vary among different global glacier models, and relative
volume loss (the average of all model runs +1 standard deviation) for South Asia (East) by 2100 is 77% + 19%
HAN ET AL. 17 of 22

85U801 SUOWILLIOD A 181D 3|qedl|dde auy Aq pausenob are sajone VO ‘88N JO S8|ni o} Akeid)T8UIIUO /8|1 UO (SUORIPLOD-PUR-SLLBILIOO A 1M ARIq U1 |UO//SdNY) SUORIPUOD pUe Swid | 38U &8s *[£202/90/50] Uo AriqiTauluo A ‘Aiseaun piojxo Aq 8TIEE0MMZZ0Z/620T OT/10p/Loo A3 |1m Areiq puljuosgndnBe/sdny wo.j papeoumoq ‘v ‘€202 ‘€L6.776T



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Water Resources Research 10.1029/2022WR033618

for RCP8.5. Marzeion et al. (2020) presented glacier mass and area change projections for the 21st century based
on 11 glacier models. Results showed that the relative volume loss (the average of all model runs +1 standard
deviation) for South Asia (East) by 2100 is 83% + 17% for RCP8.5. Hence, glacier mass change projections for
the same region also vary in different studies, but both Hock et al. (2019) and Marzeion et al. (2020) found that
South Asia (East) is likely to experience significant mass loss by 2100 and that glaciers over this region may even
disappear under the RCP 8.5 scenario. Rounce et al. (2020) projected glacier mass changes for HMA by the end
of this century, and indicated that Nyaingentanglha would lose glacier mass of 88% =+ 6% by 2100 under RCP8.5.
These results are consistent with our findings, that is, a representative glacier of South Asia (East) and Nyain-
gentanglha (the Parlung No. 94 Glacier) would experience a mass loss of 98% + 3% from 2018 to 2100 under the
SSP585 scenario, and would almost disappear by the end of the century.

As for the Dongkemadi Glacier located in the hinterland of the TP, the range of Central Asia in Hock et al. (2019)
and Marzeion et al. (2020) is too large and the climate varies substantially across different sites. Hence, we
compared the glacier change projections of the Dongkemadi Glacier with those of Tanggula Shan in Rounce
et al. (2020). Results from Rounce et al. (2020) indicated that Tanggula Shan is likely to lose glacier mass of
95% + 5% by 2100 under RCP8.5, which is consistent with our projection that the Dongkemadi Glacier would
experience a mass loss of 97% + 4% from 2018 to 2100 under the SSP585 scenario. Gao et al. (2021) assessed the
impact of future climate change on glacier response and its hydrological effects for the same region as our study
(the Dongkemadi Glacier). Results showed that glacier mass is expected to decrease by 74% and 92% by 2100 for
RCP2.6 and RCP8.5, respectively. The glacier runoff is projected to increase and reach peak water around 2060
to 2085. Both the projection of glacier mass loss and the peak water timing of glacier runoff are consistent with
our results. Overall, the projection of glacier changes in response to climate change in our study is consistent with
previous studies, and differences inevitably exist because the study region, glacier model and GCMs are not the
same across our study and previous studies. Further analysis of different factors on uncertainty of glacier change
projection can be found in Text S3 in Supporting Information S1 and Figure S7 in Supporting Information S2.

6. Conclusion

Glaciers in alpine regions play an important role in providing water supply for the populations and ecosystems
in downstream regions. Thus, accurate projection of glacier response to climate change is essential for water
resource management and risk prevention. In this study, we developed a hybrid modeling approach by coupling
an empirical glacier evolution model (Ah-parameterization) with a temperature-index snow and ice melt model
(TSI), and applied the TSI-Ak model to the Parlung No. 94 Glacier and the Dongkemadi Glacier, to improve our
understanding of the future evolution of different types of glaciers in response to climate change. Results from
the glacier mass balance simulations indicate that the continental glacier (Xiao Dongkemadi Glacier) has a lower
balance amplitude than the maritime glacier (the Parlung No. 94 Glacier). The net mass balance rate is small or
even positive in some years for the continental glacier, while the Parlung No. 94 Glacier has a larger net mass
balance rate (negative). According to the projections using the TSI-A/ model, the Parlung No. 94 Glacier and the
Dongkemadi Glacier are expected to recede continuously, even under the optimistic climate scenario (SSP126).
They are likely to melt away almost completely by 2100 under the highest emission scenario (SSP585).

Specifically, the Parlung No. 94 Glacier is projected to experience a mass loss of 80% + 14% (SSP126),
88% + 8% (SSP245), and 98% + 3% (SSP585) by 2100, and the Dongkemadi Glacier to experience a mass loss
of 75% + 23% (SSP126), 88% + 12% (SSP245), and 97% + 4% (SSP585). The projected years for the halving of
the Dongkemadi Glacier's volume (area) relative to 2018 are about 5-11 (14) years later than the Parlung No. 94
Glacier due to the lower rate of retreat of continental glaciers. The glacier runoff projections indicate that peak
glacier runoff occurs later and is larger for higher emission scenarios and for the continental glacier than the
maritime glacier. Peak water of the Parlung No. 94 Glacier is expected to occur by the mid-21st-century under
the highest emission scenario, while the peak water year for the Dongkemadi Glacier is 2072. The timing of peak
water is controlled mostly by glacier meltwater, which is the largest contributor of glacier runoff. The magnitude
of glacier runoff is affected by glacier melt together with precipitation, and a later timing of peak water results in
a larger magnitude due to more precipitation.

Overall, the results of this study show that the hybrid modeling approach performs well and discrepancies exist in
the projections of future glacier evolution in response to climate change for the maritime and continental glaciers.
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With the increasing availability of regional/global glacier data sets such as geodetic mass balance data sets, the
proposed approach can be applied to more glaciers to examine their projected response to climate change.
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