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Abstract In this study, we apply a three‐dimensional (3D) thermomechanically coupled higher‐order ice
flow model to simulate the East Rongbuk Glacier (ERG), Mt. Everest. We first diagnostically investigate its
present‐day ice dynamic features in 2009 and then prognostically simulate the glacier during the time period
2010–2100. The ice flow model is initialized based on a Robin‐type inversion method by conducting six
sensitivity experiments relating to glacier thermal boundary conditions. We apply two different surface mass
balance parameterizations in the model, and both of them can reproduce the observed ice volume loss (around
0.1 km3) during 2010–2020. We find that ERG is likely to experience maximum meltwater runoff at the year
2030 under the SSP‐126 scenario, while under SSP‐370 and ‐585 scenarios, the peak water will both likely occur
at around 2060. The ice dynamics may contribute more to ice loss as climate warms in time.

Plain Language Summary The melt of glaciers in High Mountain Asia (HMA) has great impacts
on regional water resources and socioeconomy. But it is not an easy task to accurately predict their future
changes. The East Rongbuk Glacier (ERG), Mt. Everest, is one of few glaciers in HMA that has relatively
rich in situ data for conducting three‐dimensional numerical projections. In this study, we first carefully invert
basal frictions at the ice‐bed interface according to observed ice surface velocities as a model initialization.
Then, we drive the model and simulate the changes of ERG from 2010 to 2100. We validate our model by
comparing our simulation results to observed ice volume loss during 2010–2020. We find that ERG will reach
its maximum meltwater runoff at around 2030 and 2060 for the lower (SSP‐126) and higher (SSP‐585)
emission scenarios, respectively.

1. Introduction
The glaciers of High Mountain Asia (HMA) are described as “water towers” that supply fresh water resources for
over 1 billion people (Barnett et al., 2005; Immerzeel et al., 2010). To date, a number of remote sensing and
simplified, large‐scale model attempts have been made to assess the present‐day and future glacier resources in
HMA (Bhattacharya et al., 2021; Rounce et al., 2020). However, a plausible prediction of the future imbalance of
these water towers remains highly uncertain, partly due to the lack of reliable modeling efforts (Hock et al., 2019;
Rounce et al., 2020; Yao et al., 2022). Thus, there is a great urgency to more accurately assess the future changes
of HMA glaciers.

Several obstacles exist preventing us from accurately understanding the general glacier evolution. First, due to
the difficulties of obtaining in situ glaciological data (e.g., ice thickness), the majority of glacier geometries are
estimated by model approaches (Farinotti et al., 2019; Millan et al., 2022). Second, the current large‐scale
glacier evolution models include very simple ice dynamic processes (Rounce et al., 2020). This leaves the
future estimation of HMA ice volume changes still questionable. Finally, despite a growing number of satellite
observations of HMA glaciers (e.g., ice surface velocity and elevation changes), our knowledge of englacial
and subglacial thermodynamic characteristics of HMA glaciers remains poor (Azam et al., 2021; Gilbert
et al., 2018, 2020; Liu et al., 2009; Miles et al., 2018), which seriously restricts the calibration of ice flow
model parameters.
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Currently, there have been a few studies regarding future glacier projections in HMA. Some of them use ice flow
models with high numerical complexities. For example, a three‐dimensional, full‐Stokes thermomechanical
model was applied to simulate the evolution of the Gurenhekou glacier, southern Tibetan Plateau, by parame-
terizing the temperature and surface mass‐balance (SMB) uncertainties (L. Zhao et al., 2014). Using the same ice
flow model, the evolution of Da Anglong Glacier, western Tibetan Plateau, was simulated from 2016 to 2098
based on projected temperatures and precipitation from the 25‐km‐resolution RegCM4 under the RCP2.6 and
RCP8.5 scenarios (W. Zhao et al., 2022). But there are also other studies that did not explicitly include robust ice
dynamics for modeling mountain glaciers (Gao et al., 2021; Khadka et al., 2020; Kraaijenbrink et al., 2017;
Rounce et al., 2020; Shea et al., 2015). In addition, for most of individual glacier projection studies in HMA, they
do not include model validations against observations of past glacier changes, and also do not explore clearly the
relative importance of the impacts of ice dynamics and surface mass balance on glacier changes (L. Zhao
et al., 2014; Gao et al., 2021). This causes a lack of confidence regarding promoting individual glacier modeling
efforts to basin‐scale glacier change studies in HMA.

To better understand these dynamic processes and uncertainties, we select East Rongbuk Glacier (ERG) on the
northern slope of Mt. Everest (Figure 1), and investigate its recent changes to provide useful process‐level insight
on the future of HMA glaciers. In recent decades, Mt. Everest experienced an atmospheric warming trend of
approximately 0.033 K a− 1, and glaciers in the region are shrinking (Kang et al., 2022). On the southern slope of
Mt. Everest, Shea et al. (2015) found 20% decrease in glacier area during 1961–2007. Thakuri et al. (2014) and
King et al. (2020) examined glacier changes in the Mt. Everest region for the last five to six decades using remote
sensing methods. However, ice dynamic studies of Mt. Everest's northern slope are still lacking. In the past
several decades, a few field expeditions have been conducted on ERG, and some necessary glaciological data sets
for ice modeling studies, for example, ice thickness and temperature, have been collected (Zhang et al., 2013).
Previously, a simplified, two‐dimensional (2D) modeling study discovered a polythermal structure along the main
flowline of ERG (Zhang et al., 2013), but the basal slip condition was poorly constrained due to the lack of a
robust basal friction inversion algorithm.

This paper is organized as follows. First, we briefly introduce the numerical modeling approaches for our ex-
periments, including the 3D first‐order ice flow model and the Robin inversion procedure. Then, we describe the
data we use for modeling ERG. Next, we investigate the thermomechanical changes of ERG during 2010–2100,
and finally following the discussions and conclusions of the paper.

Figure 1. ERG location in the Everest Region. The glacier outline is in yellow. The inset plot shows the location of the ERG
(red triangle) in the Himalaya mountain range. The background image is a panchromatic Landsat 8 scene on 13 November
2014, overlaid with the ITS‐LIVE ice velocity product. BH1, BH2, and BH3 denote three shallow borehole locations (Zhang
et al., 2013). The white dashed line is the central flowline. The red star is the summit of Mt. Everest.
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2. Model Descriptions
2.1. The First‐Order (Blatter‐Pattyn) Ice Flow Model

The numerical framework of our 3D ice flow model is the same as in our previous Stokes model studies (Leng
et al., 2012; Zhang et al., 2017), but with a different first‐order approximation (Yan et al., 2022), where the
momentum balance equations for the first‐order approximation can be expressed as in Perego et al. (2012) and
Hoffman et al. (2018),

− ∇ ⋅ (2η ϵ̇1) + ρg
∂Hs
∂x

= 0,

− ∇ ⋅ (2η ϵ̇2) + ρg
∂Hs
∂y

= 0,
(1)

where x and y are the horizontal coordinate vectors in a Cartesian reference frame, s(x, y) is the ice surface
elevation, and ϵ̇1 and ϵ̇2 are strain rates given by

ϵ̇1 = (2ϵ̇11 + ϵ̇22, ϵ̇12, ϵ̇13)
T
,

ϵ̇2 = (ϵ̇12, ϵ̇11 + 2ϵ̇22, ϵ̇23)
T
,

(2)

where ϵ̇ij(i,j = 1,2,3) are the corresponding strain‐rate components. The viscosity of ice (η) can be calculated as
in Cuffey and Paterson (2010),

η =
1
2
A−

1
nϵ̇(

1
n− 1)
e , (3)

where the temperature‐dependent rate factor A(T ) is described by the Arrhenius law,

A(T) = A0e− Q/RT , (4)

where T is the ice temperature in Kelvin (K), A0 is the preexponential constant,Q is the activation energy, and R is
the universal gas constant. The effective strain rate ϵ̇e is defined as

ϵ̇e ≡ (ϵ̇211 + ϵ̇
2
22 + ϵ̇11ϵ̇22 + ϵ̇

2
12 + ϵ̇

2
13 + ϵ̇

2
23)

1
2
. (5)

The stress‐free boundary condition at the upper surface can be described as

ϵ̇1 ⋅n = ϵ̇2 ⋅n = 0, (6)

where n is the outward‐pointing normal vector at the ice surface. At the ice base, we apply a linear sliding law

u ⋅ n = 0, 2η ϵ̇1 ⋅ n + βu1 = 0, 2η ϵ̇2 ⋅ n + βu2 = 0, (7)

where β is a positive value of the basal friction coefficient (Pa a m− 1).

2.2. Ice Temperature Model

The conservation of energy is expressed through the advective/diffusive heat equation,

ρc(
∂T
∂t
+ u ⋅∇T) = k∇2T + 2η ϵ̇ : ϵ̇, (8)
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where k is the conductivity and c is the heat capacity of ice (taken as constants here). At the ice surface, a
Dirichlet‐type boundary condition is applied, that is, T = Ts, where Ts is the ice surface temperature. In this study,
we set Ts to the borehole temperature TBH at the shallow borehole drilling sites, as a proxy of annual mean air
temperature at ice surface. At the ice base, we use a Neumann‐type condition,

G = − k
∂T
∂z
, (9)

where G represents the geothermal heat flux at the ice‐bedrock interface. Additionally, for all of our model
experiments, the ice temperature is not allowed to exceed the pressure‐melting temperature of ice (an approxi-
mation of energy conservation when both englacial water content and temperate ice zone is small),

T ≤ Tpmp, (10)

where the pressure‐melting‐point of glacier ice (Tpmp) is described by the Clausius‐Clapeyron relation

Tpmp(z) = T0 − α(s − z), (11)

where T0 is the triple point of water, s is the ice surface elevation, and α is the Clausius‐Clapeyron constant.

2.3. Mass Conservation

The glacier mass transport and evolution is simulated according to mass conservation law. The ice density is
assumed as a constant, and then the glacier thickness evolution can be described as follows, the equation relates
ice thickness change to the divergence of mass and sources and sinks:

∂H
∂t
+ ∇ ⋅Hū = B, (12)

where H is ice thickness, t is time, ū is depth‐averaged velocity, and B is surface mass balance. As the basal melt
for ERG is very small, it is neglected in this study. All constants used in this study can be found in Table 1.

2.4. Robin‐Type Inversion

Following Arthern and Gudmundsson (2010) and Arthern et al. (2015), we solve for the basal friction coefficient
β using the Robin inversion algorithm by iteratively minimizing the cost function J across the basal domain based
on a given 3D temperature field

Table 1
Model Constants Used in Our Experiments

Symbol Description Value Units

ρ Ice density 910 kg m− 3

c Heat capacity of ice 2,009 J kg− 1K− 1

g Gravitational constant of acceleration 9.81 m s− 2

n Flow law exponent 3 –

A0 Pre‐exponential constant 3.985 × 10− 13 (T ≤ 263.15 K) s− 1 Pa− 3

1.916 × 103 (T ≥ 263.15 K) s− 1 Pa− 3

Q Activation energy 60 (T ≤ 263.15 K) kJ mol− 1

139 (T ≥ 263.15 K) kJ mol− 1

k Thermal conductivity of ice 2.1 W m− 1K− 1

α Clausius–Clapeyron constant 8.7 × 10− 4 K m− 1

γe Lapse rate − 7.2 K km− 1
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J =∫
Γb
β
⃒
⃒uD − uN

⃒
⃒2 dS, (13)

where uD and uN are the observed (Dirichlet‐type) and modeled (Neumann‐type) ice surface velocities,
respectively. This cost function represents the mismatch between the Neumann and Dirichlet velocity fields.
According to Arthern et al. (2015), the basal friction coefficient was updated as follows:

βn+1(x,y) = βn(x,y) + αβ(
⃒
⃒uNb

⃒
⃒2 −

⃒
⃒uDb

⃒
⃒2), (14)

where αβ is a positive parameter that determines the step size, which is given as

αβ =
βn⃒
⃒uDb

⃒
⃒p
(
⃒
⃒uNb

⃒
⃒p −

⃒
⃒uDb

⃒
⃒p)

(
⃒
⃒uNb

⃒
⃒2 −

⃒
⃒uDb

⃒
⃒2)

, (15)

where p is a positive parameter. For all numerical experiments, we set p as 1.5. To invert both the basal tem-
perature and friction, we adopt a similar approach as in Seddik et al. (2019) following these steps:

1. Assuming a no‐slip boundary condition at the ice base and a stress‐free (Neumann) boundary condition at the
ice surface, we solve the diagnostic, thermomechanical steady state of the ERG;

2. Using the 3D temperature field from the previous step, the Robin inversion is conducted by setting the
Dirichlet boundary condition using the ITS_LIVE ice surface velocity data and obtaining an initial guess of the
basal friction parameter β;

3. Using the β value from the previous step, we turn on the basal slip in the code and obtain an updated ice
temperature field;

4. Repeat step (2.) and update β;
5. Repeat step (3.) and update the 3D ice temperature field.

We take the ice temperature field from step (5.) as the final output. In our Robin inversion procedures, we do not
invert basal friction and ice viscosity simultaneously, but instead separate them in an iterative manner. We
therefore do not apply the regularization term as in Jay‐Allemand et al. (2011), but use the stopping criterion of
stagnant cost function, similar to Arthern and Gudmundsson (2010) and Arthern et al. (2015).

3. Data
3.1. Glacier Geometry

For 3D ice geometry, we combine both in situ and modeled GlaTE (Glacier Thickness Estimation) data. In May
2009, a ground penetrating radar (GPR) survey was conducted on the ERG. A detailed description of the GPR
survey and ice thickness data can be found in Zhang et al. (2013). Due to large ice seracs and heavily crevassed
regions, a large portion of the ERG area still lacks in situ ice thickness data. Here, we use the GlaTE data to
estimate the ERG ice thickness distribution (Langhammer et al., 2019). The GlaTE framework infers thickness
distribution by combining glaciological modeling results with GPR measurements. The glaciological model of
GlaTE follows the bed stress approach proposed by Clarke et al. (2013). To estimate the distributed ice thickness,
glacier outline and surface topography are required as inputs for GlaTE. We manually delineated the ERG glacier
outline from Landsat‐7 ETM+ imagery (Figure 1). As for surface topography, we use the AW3D30 DEM (ALOS
World 3D‐30 m) generated from multiple stereo images with a mean date in April 2009 (Tadono et al., 2014)
(Figure 2a). The performance of GlaTE depends on the observations available for model calibration. As there
were very few in situ ice thickness measurements in the accumulation zone and lateral regions away from the
center flowline, the inferred ice geometry remains uncertain and may also introduce model uncertainties in these
regions. The 2020 ice surface geometry is inferred from 2010 to 2020 elevation change data in Hugonnet
et al. (2021).
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3.2. Ice Borehole Temperature

At ERG, in situ observed ice temperature data are rare. The most recent ice boreholes for temperature mea-
surements were drilled at an elevation of 6350 m a.s.l. (BH2) and 5710 m a.s.l. (BH3), in 2011. At BH2, we
measured an ice temperature of − 1.9°C at a depth of 18.5 m. At BH3, we measured an ice temperature of − 7.1°C
at a depth of 10 m. Despite these few in situ measurements indicating ice temperatures well below the pressure‐
melting‐point, our previous study speculated from ice‐penetrating radar that large valley glaciers in the Mt.
Everest region likely sustained temperate ice zones (TIZs) in the basal ice of their ablation zones (Zhang
et al., 2013).

3.3. Ice Surface Velocity

We use the NASA MEaSUREs ITS_LIVE surface ice velocity product from 2009 to infer basal friction pa-
rameters. The ITS_LIVE data product is derived from Landsat 4, 5, 7, and 8 imagery using a feature‐tracking
approach (Gardner et al., 2019). Although the ITS_LIVE data provides yearly ice velocity products spanning
a time period from 1985 to 2018, the grid resolution is 240 m, which is relatively coarse for our ice flow modeling
study. The surface velocity components vx (east‐west direction) and vy (north‐south direction) are generated by
ITS_LIVE. All these surface velocities are resampled to 90 m resolution using bilinear interpolation method in
order to be consistent with the geometry data (Figure 2b).

3.4. Surface Mass Balance

In situ surface mass balance observations at ERG are also scarce. They were mostly obtained during the time
period 2006–2011, spanning an elevation range of 5780–6480 m a.s.l. (Figure 3). In this study, we parameterize
the surface mass balance by the following relationship

B = γ1 (hs − hELA) (16)

where hELA is the elevation of equilibrium line of altitude (ELA) and the gradient γ1 is 0.00455. In addition, the
variation of the ELA with the change in air temperature can be expressed as in Colgan et al. (2012),

ΔhELA = ΔTS/γT , (17)

where γT represents the air temperature lapse rate, which is set to a constant of − 0.0072°C m− 1 (Zhang
et al., 2013), ΔTS is the change of surface air temperature relative to the initial year (2009) on ERG, and ΔhELA
represents the annual change in ELA. The ELA at 2009 is obtained from in situ observations and Landsat 7 image.

Figure 2. Spatial distribution of the ice thickness (a) and horizontal surface velocity (b) of ERG in 2009. The background
image is same as in Figure 1.
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3.5. Climate Forcing

We use bias‐corrected annual climate forcing data sets from CMIP6 with 10 GCMs and 3 climate scenarios
(SSP126, 370 and 585), which are obtained from the Inter‐Sectoral Impact Model Intercomparison Project Phase
3b (ISIMIP3b). A detailed description of the climate forcing data preparation can be found in H. Zhao
et al. (2023). In this study, we use the GCM temperature data to adjust the ELA changes and parameterize SMB
profiles during our model runs.

4. Numerical Experiments
The accuracy of future projections by an ice flow model depends on the accuracy of a number of boundary
conditions. At model initialization, the diagnostic Robin inversion method takes observed ice surface velocity and
glacier topography as inputs, and it also relies on a plausible ice temperature field. During the prognostic model
runs, the SMB forcing data becomes more critical.

For model initialization, we take the ice velocity and geometry data as model inputs, and do not consider their
uncertainties. Instead, we consider the major model uncertainty that arises from the thermal boundary conditions
at the ice surface and ice‐bedrock interface. For ERG, a low geothermal heat flux value (approximately
19 mW m− 2) was inferred from the in situ ice temperature gradient in a 108 m borehole at the ice divide (Zhang
et al., 2013). However, as this borehole was located at the glacier margin at a high elevation of approximately
6500 m a.s.l., the corresponding geothermal heat flux data may very likely underestimate the basal heat flow of
ERG across the whole model domain.

In addition, despite relatively easy access to observed or reanalyzed air temperature data for HMA glaciers, these
air temperatures are not always equivalent to ice surface temperature as the upper thermal boundary condition.
Mean annual air temperature can be estimated from the 10 m or 15 m near‐surface temperature at cold and dry
surfaces (Cuffey & Paterson, 2010). However, for regions where meltwater refreezing occurs, the near‐surface
temperature may be higher than the mean annual air temperature (Gilbert et al., 2014; Wang et al., 2018).
Therefore, the near‐surface ice temperature is generally a better proxy for the upper thermal boundary condition.

To investigate the uncertainties raised by both upper and lower thermal boundary conditions, we tested three
different geothermal heat flux values, that is, 20, 30, and 40 mW m− 2, representing lower, medium and higher
values for the basal thermal boundary condition. Further, we use the borehole temperature at BH2 (TBH2, 18.5 m
deep) and BH3 (TBH3, 10 m deep), respectively, to parameterize the mean annual ice surface temperature at
different ice elevations,

Figure 3. Surface mass balance (B) observations, and their parameterization on ERG. These are in situ data obtained during
2005–2011. γ1 is the surface mass balance gradient, hs is the ice surface elevation and hELA is the elevation at the equilibrium
line of altitude.
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Ts = TBH + γe (z − zBH), (18)

where γe is the environmental lapse rate, z is the ice surface elevation, TBH and
zBH are the near‐surface borehole temperatures and their elevations, respec-
tively. We list the parameters of 6 numerical experiments in Table 2. Through
this approach we consider the sensitivity of englacial thermal regime to both
the upper and lower thermal boundary conditions. Therefore, we design six
diagnostic sensitivity experiments (a)–(f) for 2009 using the surface tem-
perature settings and the geothermal heat flux values, as shown in Table 2.

In the prognostic simulations, we consider three different model approaches:
(a) parameterize SMB using the CMIP6 temperature data and assume the
SMB gradient remains the same during model runs, denoted as “SMBg”; (b)

use both CMIP6 temperature and precipitation data to calculate SMB as in H. Zhao et al. (2023), denoted as
“SMBp”; (c) same as “SMBp” but turning off ice dynamics, denoted as “nDyn.” By this experiment design, we
can understand how different climate forcings impact ERG changes in the future, and specifically isolate the
importance of ice flow dynamics in the evolution of ERG.

5. Results and Discussions
5.1. Model Initialization

By Robin inversion, the discrepancy between the modeled and observed ice surface velocities decreases rapidly
within only a few iterations. The modeled 2009 ice surface velocity results for the six diagnostic experiments are
shown in Figure 4. Their differences than the observed ice surface velocity are shown in Figure 5. These sim-
ulations can all generally reproduce the observed spatial pattern of ice surface velocity, that is, large ice surface
velocities in the up‐ and mid‐stream regions (20–30 m a− 1), but very slow motion (close to stagnant) near the
glacier terminus.

Table 2
Six Numerical Experiments for Exploring the Uncertainties of Thermal
Boundary Conditions

Expt (a) Expt (b) Expt (c) Expt (d) Expt (e) Expt (f)

G(mW m− 2) 20 30 40 20 30 40

TBH(°C) − 7.1 − 7.1 − 7.1 − 1.9 − 1.9 − 1.9

zBH(m a.s.l.) 6350 6350 6350 5710 5710 5710

A2009(km
2) 0.0076 0.14 0.45 0.09 0.41 0.83

Note. G is the geothermal heat flux. TBH and zBH are the ice temperature and
elevation of the borehole. A2009 is the area of basal temperate ice region for
2009 inferred by our ice flow model.

Figure 4. The modeled ice surface velocity (m a− 1) in 2009 for six diagnostic numerical sensitivity experiments (a)–(f).

Earth's Future 10.1029/2024EF004545

ZHANG ET AL. 8 of 15

 23284277, 2024, 5, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024E

F004545 by IN
A

SP - N
E

PA
L

, W
iley O

nline L
ibrary on [09/03/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



From linear regression between modeled and observed ice surface velocities for these six experiments (Figure 6),
we can clearly see that our Robin inversion algorithm robustly reproduces the observed ice speed for ERG
(r2 > 0.9). Across these six experiments, we can see that the modeled ice surface velocities are different from each
other. In general, compared to observations, the ice surface velocities of cold scenarios Expt (a) and (d) show
slightly better agreements than those for warmer scenarios, Expt (c) and (f). For example, Expt (f) appears to have
more locations that overestimate the ice surface velocities, especially in the accumulation area.

Figure 5. The differences between modeled and observed ice surface velocity (umod − uobs, m a− 1) in 2009 for six diagnostic
numerical sensitivity experiments (a)–(f).

Figure 6. Linear regression between modeled and observed ice surface velocity data in 2009 for six diagnostic experiments
(a)–(f).
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The basal ice temperature distribution of the six experiments is shown in Figure 7. In these simulations, the basal
ice becomes warmer if we increase the geothermal heat flux or use TBH3 to parameterize the ice surface tem-
perature as the upper thermal boundary condition. In general, we can see that more basal temperate ice appears
from Expt (a) to Expt (f) (Table 2). Take the 2009 model results for instance. For Expt (a), there is only a very
small area (0.0076 km2) of basal ice that reaches the pressure melting point. This temperate ice area increases to
0.14 and 0.45 km2 when we increase the geothermal heat flux to 30 mW m− 2 (Expt b) and 40 mW m− 2 (Expt c),
respectively. If we apply a warmer surface thermal boundary condition, the basal ice area that reaches the pressure
melting point is 0.09 km2 (Expt d), 0.41 km2 (Expt e), and 0.83 km2 (Expt f).

In Figure 7, we can see that for all of our sensitivity experiments, the basal temperate ice regions with various size
appear in the downstream, ablation part of ERG even for the coldest settings (Expt a), where both the surface slope
and ice velocity are generally small. The accumulation area of ERG is, however, still cold‐based. This pattern is
similar to the results of our previous 2D modeling study (Zhang et al., 2013). Our 3D model efforts here provide
stronger evidence of the existence of basal temperate ice on ERG.

If we compare the extent of modeled basal temperate ice region in 2009 to the in situ ground penetrating radar
measurements in Zhang et al. (2013), we find some consistency and agreement. For example, in Figures 2 and 9 in
Zhang et al. (2013), we can see that the grounding penetrating radar survey line L2 (see Figure 1 in Zhang
et al. (2013)) is close to BH3 and presents some obscure radar signal reflection features at the bottom, probably
indicating the existence of basal temperate ice. A parallel but much longer survey line L1 (see Figure 1 in Zhang
et al. (2013)) also shows some similar but discontinuous temperate ice signals. This is now qualitatively supported
by the modeled temperate ice extent in Expts b, c, e, and f in this study.

5.2. Future Projections

Similar to other higher‐order ice flow modeling studies (Hoffman et al., 2018), we perform a 5‐year relaxation
with evolving velocity and geometry from the initialized state. After that, based on the inversion procedure in the
previous step, we choose the thermal boundary conditions from Expt (a) as the best match between modeled and
observed ice surface velocities (Figure 6) for the future projection experiments. Note that in our future projections

Figure 7. The spatial distribution of basal ice temperature relative to pressure melting point (T − Tpmp) (°C) in 2009 for six
diagnostic sensitivity experiments (a)–(f). The temperate ice regions can be clearly recognized by T − Tpmp = 0°C.
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the inverted basal friction is kept constant in time, which is a common approach adopted in ice flow models
(Seroussi et al., 2019). Here we drive our ice flow model with 10 CMIP6 climate model forcings (surface air
temperature) and also their ensemble mean by parameterizing the surface mass balance at ERG. In Figure 8 we
show the modeled changes of normalized ice volume (Figure 8a) and area (Figure 8b) during 2010–2100 for three
CMIP6 climate scenarios, SSP‐126, SSP‐370, and SSP‐585.

Similar to previous HMA glacier runoff studies like Rounce et al. (2020) and H. Zhao et al. (2023), our results also
show a continuous trend of glacier mass loss. But the temporal pattern is a bit different. From Rounce et al. (2020),
where no ice dynamics are considered, we see that the change rate of total glacier mass for central Himalaya gets
smaller in time (Figure 3 in Rounce et al. (2020)), but in this study our ensemble mean curves show that the
change rates for ice volume will first increase and then decrease in the next 80 years. For SSP 370 and 585, the
volume change rate at around 2050 (0.023 km3 a− 1) will reach 1.5 times than that at around 2010 (0.015 km3 a− 1).
Our results here are more similar to that in H. Zhao et al. (2023) which used a model including very simple ice
dynamics module (Shallow Ice Approximation). This underlies the importance of considering ice flow in esti-
mating the changes of basin‐scale mountain glaciers in the future.

Ice dynamics appear to be unimportant at the beginning of the projection period, but their role in accelerating
ice loss magnifies in time (Figure 9). The remaining ice volume for the nDyn case is around 110%, 125% and
135% larger than the SMBp and g cases at the year 2100 for SSP‐126, SSP‐370 and SSP‐585, respectively.
This indicates that ice dynamics play a bigger role in affecting ice mass changes as climate gets warmer (W.
Zhao et al., 2022). As ice flows faster, the ice mass from upstream will be more easily transported to the
ablation region at downstream. However, the glacier area generally shows an opposite pattern, that is, the
glacier area for the nDyn cases shrinks more rapidly compared to the other two experiments. This is because
glacier dynamics transport ice mass from upstream to downstream, delaying the shrinkage of glacier area.
This highlights a deficiency in monitoring glacier change by just measuring area. The SMBp and SMBg
experiments show close simulation results, possibly implicating that temperature is a more dominant function
than precipitation in parameterizing glacier surface mass balance and the SMBg method is applicable at least
in this study.

Figure 8. (a)–(c) Normalized cumulative volume changes of ERG during 2010–2100. (d)–(f) Normalized cumulative area changes of ERG during 2010–2100. The
dotted thin lines are individual simulations for different CMIP6 forcings. The solid thick lines are the ensemble means. The first, second and third column represent for
SSP‐126, SSP‐370, and SSP‐585, respectively.
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We should note that our model is able to well capture the observed ice volume loss during 2010–2020
(Figure 9). From Hugonnet et al. (2021) we know the 2010–2020 elevation changes at ERG. We
can then calculate the ice loss of around 0.094 km3, that is, 4.75% of the total ice volume. In the same
period of time, our modeling results show that ERG volume decreases by around 0.1 km3 for three climate
scenarios, SSP‐126, SSP‐370 and SSP‐585. This lends us great confidence in the accuracy of our model
performance.

Moreover, in Figure 10 we also present the ice mass loss (ΔV) for each year during our model time span.
Clearly, the ΔV values show a trend of first increasing and then decreasing after ERG reaches the turning point
of peak water runoff. Note that, in this study, we define the glacier runoff as the net glacier mass loss (Radić &
Hock, 2014), which is a different concept than that only considers the ice surface melt, and emphasizes the
contribution of glaciers to the hydrological cycle (Huss, 2011). The warmer climate scenario has a stronger
driver to melt ERG and maintain a longer period of higher level glacier runoff. For SSP‐126, the peak water is
likely to occur at the year 2030, while for SSP‐370 and 585, their peak water occur at the year 2060 and 2059,
respectively.

The timings of peak water runoff between our single ERG case and basin‐scale projections are also different. In
Rounce et al. (2020) and H. Zhao et al. (2023), the peak water for the Brahmaputra river basin, where ERG is
located, occurs before 2030 for all climate scenarios. The Brahmaputra river basin (shown in H. Zhao
et al. (2023)) contains many maritime‐type glaciers in the southeastern region of the Tibetan Plateau (Huss &
Hock, 2018; Rounce et al., 2020). The fast flow and strong ablation of maritime glaciers may lead to an early
timing of peak water (Han et al., 2023), different from the Mt. Everest region, where the climate is mainly dry and
the glaciers generally move slowly. This pattern can also be recognized for the Qiangtang drainage basin, where
the climate condition is also continental type and the timings of peak water are generally later than that for the
Brahmaputra river basin (H. Zhao et al., 2023).

Figure 9. (a)–(c) Normalized cumulative volume changes of ERG during 2010–2100. (d)–(f) Normalized cumulative area changes of ERG during 2010–2100. The blue
curves represent experiments that do not include ice dynamics. The red and black curves represent two different surface mass balance parameterizations. The solid thick
lines are the ensemble means. The first, second and third column represent for SSP‐126, SSP‐370, and SSP‐585, respectively. The solid circle represents the observed
normalized ice volume in 2020.
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6. Conclusions
East Rongbuk Glacier (ERG), Mt. Everest, is one site within HMA that has relatively well surveyed in situ
glaciological data. Thus, a projection of meltwater changes at ERG using a three‐dimensional model with high
numerical complexity is necessary to further understand the HMA glacier changes expected this century. In this
study, we conduct 6 diagnostic sensitivity experiments regarding basal and surface thermal boundary conditions
to better constrain our model initialization. For prognostic simulations, we consider two different surface mass
balance forcing schemes. We also run simulations that do not include glacier dynamics (only surface mass
balance).

The model results suggest again the existence of a basal temperate ice zone, similar to previous studies. We find
the existence of temperate basal ice even for the coldest model settings. The most likely location of temperate ice
is at approximately 5700–5800 m a.s.l., where a high near‐surface temperature was observed in a shallow
borehole. From our prognostic experiments, we find ERG will continuously loss mass this century. For the SSP‐
126 scenario, ERGmay likely produce peak annual meltwater runoff at 2030, while for SSP‐370 and SSP‐585, the
peak meltwater runoff timing is around at 2060. We also find that ice dynamics become non‐trivial as climate gets
warmer, and as model time increases, indicating the importance of considering glacier dynamics that are generally
missing from current HMA large‐scale glacier modeling efforts.
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