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Abstract. Using drone and GNSS surveys, we updated the
geodetic mass balance of Glacier AX010. This glacier has the
oldest observational record in the Nepal Himalayas, show-
ing mass loss rates of −1.2 mw.e.a−1 over the last 15 years
(2008–2023). We reconstructed 80 years of annual mass bal-
ance using a mass-balance model forced by calibrated reanal-
ysis data. While rising temperatures drive shrinkage, changes
in precipitation have neither accelerated nor mitigated mass
loss. The glacier began losing mass in the early 1970s, accel-
erated in the early 2000s, and is projected to disappear within
one to two decades.

1 Introduction

Mass balance of glaciers is considered a reliable indicator of
climate change (Braithwaite and Hughes, 2020). Since the
mid-19th century Industrial Revolution, glaciers have been
continuously retreating, with intermittent periods of stag-
nation (Zemp et al., 2015). In mountainous regions of the
Northern Hemisphere at temperate latitudes, small glaciers,
with areas smaller than 0.5 km2, are numerically dominant,
and their retreat has progressed rapidly from the late 20th
century to the early 21st century (Bahr and Radić, 2012;
Zemp et al., 2015). A modeling study showed that most
small glaciers in Switzerland were expected to disappear
within the coming decades, with significant impacts on re-
gional hydrology (Huss and Fischer, 2016), while it has also
been estimated that “uncharted” small glaciers contributed
non-negligibly to the 20th-century sea-level rise (Parkes and
Marzeion, 2018). These studies demonstrate that although in-

dividually inconspicuous, the small glaciers are, owing to
their sheer numbers, an essential subject for assessing the
impacts of climate change. In recent years, disappearing
glaciers have attracted social attention, with research reports
emerging from various parts of the world (i.e. Vidaller et al.,
2021; Raup et al., 2025; Purdie et al., 2025; Basantes-Serrano
et al., 2026; Bello et al., 2026; McCerery et al., 2026).

In the Himalayas, small glaciers account for 76 % by num-
ber and 12 % by area (Nuimura et al., 2015; Sakai, 2019).
Although the number of in-situ observations of glacier mass
balance in the Himalayas has shown an increasing trend since
the beginning of the 21st century, they cover only 0.5 % of the
total glacier area (Azam et al., 2018). Satellite observations
of glacier fluctuations have been actively conducted in recent
years, revealing that the rate of glacier shrinkage varies by re-
gion (Hugonnet et al., 2021a). Regarding temporal changes
in fluctuations, it has been shown that glacier shrinkage in the
Himalayas has accelerated since 2000 (Maurer et al., 2019;
Shean et al., 2020). This acceleration in mass loss has been
attributed primarily to regional atmospheric warming (Mau-
rer et al., 2019). However, this is constrained by the tim-
ing of the reference digital elevation models (DEMs), and
it remains unclear when glaciers began to shrink. Regard-
ing glacier disappearance, a comparison of inventories from
1992 to 2010 has revealed that 61 glaciers covering an area
of 2.4 km2 have disappeared in eastern Nepal (Ojha et al.,
2016).

This study aims to update the mass balance records of an
iconic glacier in the Nepal Himalayas, for which intermit-
tent observations have been conducted since the 1970s. Us-
ing geodetic mass-balance estimates derived from aerial pho-
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Table 1. Geographical information of Glaciers AX010 and AX000
in the Shorong region, Nepal Himalaya. Longitude, latitude, area,
and mean elevation are obtained from the 2023 drone-based ortho-
mosaic and DEMs. dh and Bgeod denote elevation change and esti-
mated geodetic mass balance between 2008–2023.

AX010 AX000

Longitude (°) 86.555 86.542
Latitude (°) 27.716 27.706
Elevation (ma.s.l.) 5171 5098
Date of drone survey 15 November 2023 16 November 2023
n of photographs 417 299
Area in 2023 (km2) 0.185 0.158
Area in 2008 (km2) 0.339 0.233
Mean dh (m) −20.48 −17.86
Bgeod (mw.e.a−1) −1.214± 0.036 −1.060± 0.023
Area for Bsat (km2) 0.400 0.244

togrammetry, we reconstruct long-term annual glacier-wide
balances with the GLIMB model (Fujita and Ageta, 2000;
Fujita and Sakai, 2014). We estimate when this glacier be-
gan losing mass. Furthermore, we examine whether the mass
loss is attributable to warming, whether other meteorological
factors influence it, and whether the reduction in glacier size
induces further shrinkage. We also estimate when this glacier
will disappear by estimating the remaining volume.

2 Data and Methods

2.1 Glaciers

Glaciers AX010 (27.725° N, 86.555° E) and AX000
(27.713° N, 86.542° E) are small glaciers located in the
Shorong region of Nepal (Table 1 and inset in Fig. 1a).
Glacier AX010 has been observed intermittently since 1978
(Fig. S1 in the Supplement), and its volume changes up to
2008 have been previously estimated as a geodetic mass
balance (Ageta et al., 1980; Kadota and Ageta, 1992; Kadota
et al., 1997; Fujita et al., 2001; Fujita and Nuimura, 2011).

Glacier AX000 is located in a different catchment from
Glacier AX010. However, because it is easily accessible
from Glacier AX010 and isolated from other glaciers in the
catchment, it was provisionally assigned the number “000”.
Changes in the terminus position of this glacier have been
observed from 1978 to 1989 (Yamada et al., 1992), but the
ground-based volume change was not estimated so far. We
conducted our GNSS observation in 2008, but the results
were not published.

In this study, we conducted a drone photogrammetry sur-
vey for both glaciers in 2023, and obtained volume changes
between 2008–2023.

2.2 Volume changes

In this study, we generated 1 m resolution DEMs from our
global navigation satellite system (GNSS) survey data ac-
quired in 2008, and derived the geodetic mass balance by
extrapolating and interpolating the differences between the
2008-DEMs and the 2023-DEMs obtained from drone pho-
togrammetry surveys within the 2008 glacier area.

2.2.1 GNSS surveys

The GNSS survey conducted in 2008 used single-frequency
carrier-phase GPS (GEM-1, GNSS Technologies Inc.). The
2023 GNSS survey employed the same GEM series (En-
abler Ltd.) but with dual-frequency carrier-phase GPS.
The coordinates of the base station placed on the bench-
marks for 31 h during three days (14–16 November) were
determined by an online precise point positioning pro-
cessing service (https://webapp.csrs-scrs.nrcan-rncan.gc.ca/
geod/tools-outils/ppp.php?locale=en, last access: 20 January
2026). Coordinates of the 2008 data were subsequently
corrected at benchmarks (Table S1 in the Supplement).
The measurement points were converted into 1 m resolu-
tion DEMs using the inverse distance weighting interpolation
method (Nuimura et al., 2012; Tshering and Fujita, 2016).
Measurement points on the moraine ridges were used to eval-
uate the relative error with respect to the subsequent UAV-
derived DEMs (Fig. 1b).

2.2.2 Drone aerial photogrammetry

The aerial images were acquired using a DJI MAVIC-3T with
a multi-frequency GNSS antenna (DJI D-RTK2) for the RTK
mode. The antenna was set on a benchmark (BM); BM-M
for Glacier AX010 and BM-08 for Glacier AX000, respec-
tively (Fig. 1a and Table S1). Aerial surveys were conducted
for Glacier AX010 on 15 November 2023 and for Glacier
AX000 on 16 November 2023, acquiring 417 and 299 pho-
tographs, respectively (Table 1). The aerial images were pro-
cessed using structure-from-motion to generate orthomosaics
and DEMs (Metashape, Agisoft).

2.2.3 Geodetic mass balance

For calculating the elevation difference between the 2008-
DEM and the 2023-DEM, the elevation change at the glacier
boundary was assumed to be zero. Ice density was assumed
to be 890 kgm−3 because the field survey in 2008 confirmed
that there was almost no snow at the upper part of the glacier,
suggesting that the entire glacier was in the ice-composed ab-
lation zone between 2008–2023. The uncertainty in volume
change was estimated by comparing the 2008 GNSS data
with the 2023 DEM over off-glacier areas with gentle slopes
(Fig. 1b) and dividing the standard deviation of the elevation
differences by the time interval (15 years). Uncertainty esti-
mates in previous satellite-based studies primarily relied on
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Figure 1. Glaciers AX010 (right) and AX000 (left) in the Shorong region, Nepal Himalaya, showing (a) drone photogrammetry-based
orthomosaic, (b) GNSS tracks in 2008, (c) elevation change for the period 2008–2023, and (d) glacier-wide geodetic mass balance (Bgeod).
The inset figure in panel (a) shows the location of the Shorong region. BM-M and BM-08 in panel (a) denote the benchmarks for the drone
surveys. The distance scale of the outer frame for panels (a)–(c) is based on WGS84 UTM Zone 45N. The inset figure in panel (b) shows
the histogram of off-glacier elevation difference between the 2023-DEMs and the 2008 GNSS survey. µ and σ in panel (b) denote average
and standard deviation of the off-glacier elevation difference, respectively. Bsat in panel (d) denotes remotely-sensed geodetic mass balances
(Hugonnet et al., 2021a). Bgeod obtained in previous studies are also shown as dashed line (Fujita et al., 2001; Fujita and Nuimura, 2011).
Subscripts 010 and 000 in panels (b) and (d) denote Glacier AX010 and AX000, respectively.

elevation differences over off-glacier terrain. However, be-
cause the standard deviations of the elevation differences are
too large to be used directly as errors, further processing,
such as estimating the normalized median absolute deviation,
is commonly applied (Shean et al., 2020; Hugonnet et al.,
2021a).

2.2.4 Ice volume estimation

To estimate how many years it will take for Glacier AX010
to disappear, the distribution of current ice-thickness is re-
quired. We set transverse lines, orthogonal to the straight line
connecting the terminus and the highest point, at 50 m inter-
vals (Fig. S2a), and approximated the bedrock on both sides
of the glacier with parabolic curves. We determined the range

of bedrock used for the approximation subjectively, exclud-
ing inflection points. The overall ice-thickness distribution
was obtained by interpolating the bedrock elevation along
each transverse line and subtracting it from the 2023 DEM.
The estimated bedrock elevation was evaluated by subtract-
ing radar ice thickness measured at three locations in 1995
from the 1995 surface elevation, which was measured by the
theodolite with a laser-distance finder (Kadota et al., 1997).

2.3 Glacier energy-mass balance model: GLIMB

To reconstruct the past annual mass balance, we adopted the
GLacIer energy Mass Balance model (GLIMB) (Fujita and
Ageta, 2000; Fujita and Sakai, 2014; Khalzan et al., 2022)
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that calculates the surface energy balance (Qm ≥ 0) as:

Qm = (1−α)RSd+RLd+RLu+HS +HL−Gg, (1)

where α is the surface albedo; RSd is the downward short-
wave radiation, RLd and RLu are the downward and upward
longwave radiations; HS and HL are the sensible and latent
heat; Gg is the conductive heat flux into the glacier ice, re-
spectively. Unit of all variables is Wm−2 except for albedo
(no dimension). The surface albedo is calculated using a
scheme that applies an exponential, temperature-dependent
attenuation with time after a fresh snowfall (Fujita and Sakai,
2014). Annual glacier mass balance at a given elevation (bz,
mw.e.) is calculated as:

bz =
∑
d

(
Ps −

tdQm

lm
+EV +RF

)
/ρw (2)

where Ps is the solid precipitation; td is the length of a
day in seconds (86 400 s); lm it the latent heat for ice melt
(3.33× 105 Jkg−1); EV is the daily amount of evaporation
(mmw.e.d−1), which is estimated by a bulk method; RF is
the daily amount of refreezing water (mmw.e.d−1), which is
estimated by calculating heat conduction and water percola-
tion; and ρw is the water density (1000kgm−3) for the unit
conversion (mm to m). The daily mass balance is summed
over a given period (an observation period or a year). The
glacier-wide mass balance (B, mw.e.) is calculated using the
hypsometry as:

B =

∑
zazbz∑
zaz

(3)

where az is the glacier area for a given 20 m elevation band.
Detailed descriptions of the model are available in Fujita
and Ageta (2000) and Fujita and Sakai (2014). The glacier
hypsometry was obtained from in-situ surveys (Fujita et al.,
2001; Fujita and Nuimura, 2011) and the UAV photogram-
metry of this study (Fig. S3). Elevations of the past hypsom-
etry are calibrated using GNSS-collected benchmarks. The
annual hypsometry was prepared by interpolating each eleva-
tion band. For the mass-balance reconstruction before 1978,
we used the 1978 hypsometry. The effect of the changing
glacier geometry is evaluated in the Sect. 3.5.

2.4 ERA5 reanalysis data

We extracted daily mean meteorological variables from the
ERA5 reanalysis data (Hersbach et al., 2020) as model in-
put. Besides the 2 m height temperature in the ERA5 data
(T2 m, °C), air temperature at a given elevation (Tz, °C) was
estimated from the pressure level temperatures at the clos-
est geopotential heights containing the target elevation (Sakai
et al., 2015; Khalzan et al., 2022). Downward longwave ra-
diation (RLdz , Wm−2) at a given elevation (z, ma.s.l.) was
calibrated with the effective emissivity (εe, no dimension),

which can be defined by the downward longwave radiation
(RLdERA5 , Wm−2) and 2 m height temperature (T2 m) based
on the Stefan–Boltzmann equation as:

σεe =
RLdERA5

(T2 m+ 273.15)4
,

RLdz = σεe(Tz+ 273.15)4, (4)

where σ is the Stefan–Boltzmann constant (5.67×
10−8 Wm−2 K−4).

The variables were compared with those observed at a
nearby site (Trakarding AWS, 16 km from the glacier, Fig. S4
and Table S2) for the period 2022–2023, and calibration
equations were then obtained. The extracted ERA5 covers
both the Trakarding AWS and the glacier in a single cell
(0.25°× 0.25°).

2.5 Calibration of precipitation

The ERA5 precipitation is also compared with the AWS data.
However, it has the greatest uncertainty among the ERA5
variables, and the spatial differences between the Trakard-
ing site and AX010 are unknown. Therefore, we estimated
the precipitation parameter by applying a multiplier (rP , di-
mensionless) to the ERA5 precipitation (Sakai et al., 2015;
Khalzan et al., 2022; Kondo and Fujita, 2026). We deter-
mined rP to yield the same value as the observed geodetic
mass balance (Bgeod) by an iterative calculation (Fig. S5). A
period-weighted rP was then obtained from five rP corre-
sponding to the geodetic observations. Because the glacier’s
elevation range is so small (440 m, even at its maximum ex-
tent in 1978 during the observation period, Fig. S3), we did
not account for the precipitation gradient with elevation in
the simulation.

3 Results and discussion

3.1 Geodetic mass balance

Figure 1a shows orthomosaics of Glaciers AX010 and
AX000 generated from the 2023 drone photogrammetry.
Figure 1b shows the same orthomosaic overlaid with the
2008 GNSS tracks. The elevations from the 2023DEM
and 2008GNSS outside the glacier had biases of −0.703 m
(AX010) and −0.118 m (AX000), respectively. Consid-
ering a 15-year duration and ice density, these biases
(+0.042 mw.e.a−1 for AX010 and +0.007 mw.e.a−1 for
AX000, respectively) were taken into account when calcu-
lating the volume changes of the glacier. The relative accu-
racy between the 2023 DEM and the 2008 DEM was esti-
mated as 1 standard deviation; 0.604 m for Glacier AX010
and 0.387 m for Glacier AX000 by comparison with the 2008
GPS data on moraine ridges (inset in Fig. 1b). These val-
ues are comparable to those obtained in other UAV surveys
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(Sunako et al., 2023) and are more than two orders of mag-
nitude lower than that derived from satellite observations
(∼ 15 m) (Maurer et al., 2019; Shean et al., 2020; Hugonnet
et al., 2021a).

By interpolating/extrapolating the elevation difference, the
surface elevation changes in 2023 relative to 2008 were ob-
tained (Fig. 1c). As results, we update the geodetic mass
balance (Bgeod, −1.214± 0.036 mw.e.a−1 for AX010 and
−1.060± 0.023 m w.e.a−1 for AX000, respectively) of the
glaciers for the 15-year period from 2008 to 2023 (Fig. 1d
and Table 1). The associated error (0.036 mw.e.a−1) is sub-
stantially smaller than that of previous estimates derived
from sparse survey points (0.084 mw.e.a−1) and is also
much smaller than those based on satellite observations (∼
0.600 mw.e.a−1, Hugonnet et al., 2021a). For comparison,
we also show mass balance changes from 2000 to 2020 based
on ASTER data for the same glaciers (Fig. 1d) (Hugonnet
et al., 2021a). While no large systematic bias is evident, the
satellite-based results appear to slightly underestimate the
negative mass balance, particularly during the period 2010–
2014. This could be attributed to the fact that the glacier area
treated by Hugonnet et al. (2021a) is much larger (0.400 km2)
than those we observed (0.339 km2 in 2008 and 0.185 km2 in
2023), meaning that areas where ice had already been lost
were included when calculating surface elevation changes
from satellite-based DEMs.

3.2 Calibration of reanalysis variables

We first compared the daily mean variables in the ERA5 re-
analysis data with those observed at the Trakarding AWS site
(Fig. S6 and Table S3). The 2 m height temperature (T2 m)
shows a bias (5.56 °C in Table S3) due to elevation setting in
the ERA5 data (blue dots in Fig. S6a), while that derived
from the pressure-level data (Tp) shows good consistency
with the observational temperature (orange dots in Fig. S6a;
bias of −1.07 °C in Table S3). The downward longwave ra-
diation calibrated with Tp (RLdcalib , orange dots in Fig. S6c;
bias of 0.2 Wm−2 in Table S3) shows better consistency
with the observed one though the coefficient of determina-
tion and root mean square error of the linear regression are
slightly worse than those of the ERA5 longwave radiation
(RLd, blue dots in Fig. S6c; bias of 25.6 Wm−2 in Table S3).
The ERA5 shortwave radiation shows the worse coefficient
of determination among the variables (R2

= 0.533), proba-
bly due to inaccurate cloud representation in the reanalysis
(Fig. S6d). The ERA5 wind speed is significantly underesti-
mated (Fig. S6e), while both relative humidity and precipi-
tation in the ERA5 data are overestimated (Fig. S6b and f).
The regressions summarized in Table S3 are used to calibrate
the variables for the mass balance simulation, whereas pre-
cipitation is estimated using the geodetic mass balance and
the model. Similar biases and RMSEs of ERA5-Land have
been confirmed through the comparison with the local mete-

orological variables observed in the Khumbu region, imme-
diately east of the studied site (Khadka et al., 2022).

The air temperatures estimated using the pressure-level
temperatures and geopotential heights applied in this study
were compared with temperatures observed near Glacier
AX010 in 1978 and in the 1990s, and were found to agree
very well (Fig. S7). This consistency further supports the va-
lidity of the estimation method based on pressure-level data.

Precipitation parameters (rP ) were estimated for each pe-
riod over which geodetic mass balance was observed (Ta-
ble S4). The parameters weighted by the length of each
period yielded a value of 1.48± 0.08. In comparison with
the AWS near Trakarding Glacier, the precipitation pa-
rameter was 0.264 (Fig. S6f and Table S3), suggesting
that ERA5 overestimates precipitation there. In contrast, at
Glacier AX010, located 16 km to the southeast of the AWS
site, ERA5 underestimates precipitation (3.49 mw.e.a−1 at
AX010 against 2.36 mw.e.a−1 in ERA5 for 2023). There,
precipitation is more than five times greater than at the
Trakarding AWS site (0.62 mw.e.a−1 for 2023). This im-
plies that strong precipitation contrasts exist over short dis-
tances within a single ERA5 grid cell (0.25° resolution).

While the estimated temperature from pressure levels
showed good agreement with observational data from both
Trakarding and AX010 (Figs. S6 and S7), observational data
for other variables from Glacier AX010 were unavailable,
so the relational formulas from the Trakarding AWS were
applied (Fig. S6 and Table S3). Therefore, site-to-site bias
may remain in these variables. Although previous studies
have shown that the mass balance is insensitive to changes
in variables other than temperature (Fujita and Ageta, 2000;
Khadka et al., 2024), the possibility that the bias correction is
affecting the reconstructed precipitation parameters and mass
balance cannot be ruled out.

3.3 Reconstructed mass balance

Figure 2a shows the annual mass balance from 1940 to
2023 reconstructed using GLIMB and the calibrated ERA5
data. For the period from 1978 to 2023, hypsometry de-
rived from geodetic observations was interpolated and ap-
plied, thereby accounting for glacier-wide shrinkage into ac-
count. For the period prior to 1978, the 1978 hypsometry was
applied without modification. Because the precipitation pa-
rameter was tuned to match the geodetic observations, the
modeled results naturally show good agreement with the ob-
servations (Fig. S8a). On Glacier AX010, stake-based ob-
servations were conducted in 1978 and during 1995–1999
(Ageta et al., 1980; Fujita et al., 2001). Comparison of mass-
balance profiles corresponding to these observation periods
indicates that the model reproduces the observed profiles
well (Fig. S9). Figure S8b shows the comparison of the
glacier-wide mass balance based on the linear regressions
of the stake-based mass balance profile and simulation (Ta-
ble S5). In particular, the pronounced negative mass balance
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in 1998, estimated to be the most negative over the past
80 years, is also well captured by the simulation, suggesting
that ERA5 temperature data and the adjusted precipitation
are appropriate for reconstructing the glacier mass balance.

In contrast, the mass balance calculated without adjust-
ing precipitation became strongly negative (gray dots in
Fig. S8a). This is because insufficient precipitation leads
to inadequate accumulation, and at the same time, the sur-
face albedo cannot be maintained at high values, which en-
hances melt. This can be regarded as a characteristic of
glaciers influenced by the summer monsoon (Fujita and
Ageta, 2000; Fujita, 2008). For more quantitative evalua-
tion, we compared mass balance, accumulation, and melt
averaged over the period from 1978 to 2023 (Table S6).
Annual accumulation increased from 1.315 mw.e.a−1 based
on the ERA5 precipitation to 1.948 mw.e.a−1, an increase
of 0.633 mw.e.a−1 (exactly a factor of 1.48, which is the
same value as the precipitation parameter used in the sim-
ulation), whereas the mass balance increased from −1.809
to −0.919 mw.e.a−1, an increase of 0.890 mw.e.a−1. The
difference between these increases (0.257 mw.e.a−1) can be
interpreted as a melt-suppression effect, which is evaluated to
be −0.187 mw.e.a−1, mediated through changes in albedo.

Because the observation periods of satellite-based geode-
tic mass balance (Bsat) do not coincide with those of the
ground-based observations in this study (Bgeod), the satel-
lite estimates were compared with the simulation results
(Bsim) (Fig. S8c and Table S7). Bsat has increasingly overes-
timated ice mass loss in recent years. This is likely because,
as glacier shrinkage has progressed, surface areas that have
already become off-glacier are still included in estimates of
surface lowering as addressed in Sect. 3.1. To accurately es-
timate mass changes of small glaciers, it is therefore essen-
tial to carefully track changes in glacier area. The bias in
the satellite-based Bgeod due to glacier shrinkage has been
pointed out for glaciers in Alaska and the US Rocky Moun-
tains (Florentine et al., 2023).

3.4 Controlling factors for glacier shrinkage

Regarding long-term trends (1941–2023), both mass bal-
ance and air temperature exhibit clear decreasing and warm-
ing trends (−0.153 mw.e.a−1 per decade and 0.089 °C per
decade, both p < 0.001), respectively (Fig. 2a and b, and Ta-
ble S8). Breakpoint analysis (Zeileis et al., 2002) indicates a
change point in 1971 for both variables (−0.245 mw.e.a−1

per decade and 0.172 °C per decade for the period 1971–
2023, both p < 0.001). In addition, both variables shows an-
other change point in 1999, revealing an acceleration of mass
loss in more recent years (−0.473 mw.e.a−1 per decade
and 0.351 °C per decade for the period 1999–2023, both
p < 0.001). The melt amount (M) shows variations synchro-
nized with summer mean temperature (Fig. 2c), including the
break point in 1971 (0.126 mw.e.a−1 per decade for the pe-
riod 1971–2023, p < 0.001) though the long-term trend is

weak (0.039 mw.e.a−1 per decade, p = 0.012). The positive
degree day (PDD), which is usually used in temperature-
index models (Hock, 2003), also shows a significant in-
creasing long-term trend (10.81 °Cd per decade, p < 0.001),
with the rate of increase becoming particularly large since
the beginning of the 21st century (50.67 °Cd per decade,
p < 0.001 for the period 2001–2023) (Table S8). Interest-
ingly, however, there is no significant long-term trend in the
number of melt days per year (dmelt, 0.413 d per decade,
p = 0.299). This suggests that rising temperatures are ac-
celerating glacier shrinkage, not by prolonging the melting
period, but by increasing melt intensity. In contrast, pre-
cipitation shows little overall change (Fig. 2c). Although
a slight decreasing long-term trend is evident over the en-
tire period (−0.049 mw.e.a−1 decade−1, p < 0.007), pre-
cipitation has in fact shown an increasing tendency since
1974 (0.101 mw.e.a−1 decade−1, p < 0.004 for the period
1974–2023), after a weakly detected change point. How-
ever, snowfall and rainfall display statistically significant de-
creasing and increasing long-term trends (−0.095 mw.e.a−1

per decade, p < 0.001 and 0.046 mw.e.a−1 per decade, p =
0.001), respectively, with the increase in rainfall after 2007
being particularly pronounced (0.376 mw.e.a−1 per decade,
p < 0.001 for the period 2007–2023). As a result, the snow
accumulation has been consistently less than the melt amount
since the late-1970s (Fig. 2c). This suggests that rising air
temperatures promote glacier melt not only directly, but also
indirectly by changing precipitation phase from snow to rain
(Fujita, 2008; Jouberton et al., 2022). Likewise, winter snow-
fall has been reported to be decreasing in the neighbouring
Khumbu region (Salerno et al., 2015). In contrast, future pro-
jections for the Langtang region suggest that increased pre-
cipitation may offset the reduction in river discharge that fol-
lows glacier shrinkage (Lutz et al., 2014). Taken together,
over the past 45 years at Glacier AX010, there is little doubt
that the primary driver of glacier shrinkage has been rising
air temperatures. No long-term trend in precipitation is evi-
dent, and it is clear that precipitation has neither suppressed
nor accelerated glacier shrinkage driven by temperature in-
creases.

Nevertheless, for Trambau Glacier, which lies within the
same ERA5 grid cell, the reconstructed mass balance consis-
tently shows negative values but no clear trend despite be-
ing forced by the same meteorological data (Sunako et al.,
2019). Moreover, while mass balance at Trambau Glacier
shows no correlation with summer mean temperature (r =
−0.21) and a significantly positive correlation with annual
precipitation (r = 0.77, p < 0.001), Glacier AX010 exhibits
a strong correlation with summer mean temperature (r =
−0.81, p < 0.001) and weaker correlation with annual pre-
cipitation (r = 0.33, p < 0.003). These correlations indicate
that the response of glacier mass balance to variations in
temperature and precipitation can differ substantially even
among neighboring glaciers. In addition, for Mera Glacier,
which lies 33 km east of Glacier AX010, the mass-balance
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Figure 2. Time series of (a) mass balance, (b) summer mean temperature, and (c) precipitation and melt for Glacier AX010 in the Shorong
region, Nepal Himalaya. Black and red lines and orange dots in panel (a) denote the simulated annual (Bsim), ground-/drone-based geodetic
(Bgeod), and stake-based (Bstake) mass balances, respectively. Red and purple lines in panel (b) denote area-weighted summer mean temper-
ature (Tsum) and equilibrium temperature (Tequi) yielding a zero mass balance, respectively. Purple, blue, yellow, and orange lines in panel
(c) denote annual amounts of precipitation, snow, rain, and melt, respectively. Vertical dashed lines with year numbers denote the break point
of the trend for each variable.

anomaly correlates significantly with the anomalies of annual
mean temperature (r =−0.79, p < 0.001) and annual pre-
cipitation (r = 0.87, p < 0.001) (Khadka et al., 2024). Al-
though more detailed analyses are required to identify the
causes of these differing responses and trends, our results

suggest that it is problematic to naively extrapolate trends
and climate-mass balance relationships derived for individ-
ual glaciers to the mountain-range scale.

We defined an air temperature at which the glacier mass
balance becomes zero (Tequi), i.e. the glacier is in equilib-
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rium, by iterative calculations using GLIMB (purple line in
Fig. 2b). The variability and trend of Tequi reflect those of
precipitation; however, no statistically significant trend was
detected (Table S8). In recent years, air temperature has in-
creased by nearly 1 °C above the level at which the glacier
could be maintained in equilibrium.

3.5 Impact of shrinking glacier

To reconstruct the annual mass balance, interpolated hyp-
sometries were used. To assess how changes in glacier size
affect the reconstructed results, we recalculated the mass
balance using hypsometry corresponding to the maximum
(1978) and minimum (2023) glacier extents (Fig. S10).
The results show that the impact of the hypsometry set-
ting is comparable to the uncertainty in mass balance
(±0.149 mw.e.a−1) arising from the precipitation parame-
ter (±0.08). This is because, even though the glacier has
shrunk dramatically over the past 45 years, the medians of the
two hypsometries differ by only 20 m in elevation (Fig. S3),
which is equivalent to the mass-balance uncertainty due to
the precipitation assumption.

3.6 When will Glacier AX010 disappear?

Figure S2b shows the spatial distribution of glacier ice thick-
ness, which is derived from the cross section estimation
(Fig. S11). Comparison with ice thickness measured by ice
radar in 1995 (Kadota et al., 1997) indicates differences of
+25 to −15 m relative to the 2023 bed elevation (Table S9).
Given that the ice radar used in 1995 operated at 5 MHz,
corresponding to a wavelength of approximately 60 m, these
differences can be considered within the measurement un-
certainty. Based on these results, the remaining ice volume
in 2023 is estimated at 2.27× 106 m3, with a mean thick-
ness of 13.7 m and a maximum thickness of 38.2 m. The ice
loss from 2008 to 2023 is estimated at 7.17× 106 m3, indi-
cating that only about one quarter of the 2008 ice volume re-
mains. Assuming an ice density of 890kgm−3, the maximum
ice thickness corresponds to 34.0 mw.e. If the geodetic mass
balance observed from 2008 to 2023 (−1.214mw.e.a−1)
were to continue, the glacier would disappear by 2050. In
contrast, if the pronounced acceleration in ice loss observed
since 1999 persists (Byr =−0.047yr+ 93.695; yr denotes
year), the glacier is estimated to be lost by 2040.

4 Conclusions

In this study, we updated the geodetic mass balance of
AX010, the glacier with the oldest observational record in
the Nepal Himalaya, using drone-based surveys, and demon-
strated that glacier mass loss has been accelerating. By cali-
brating meteorological variables in the ERA5 reanalysis data
against nearby in situ observations, and by using the ob-
served mass balance together with an energy-mass balance

model, we derived a calibration factor for ERA5 precipita-
tion. We found that precipitation differs by a factor of 5 de-
spite a separation of only 16 km. This indicates strong spa-
tial heterogeneity in precipitation. Furthermore, with the re-
cently developed global dataset of glacier change, our ap-
proach may enable estimation of precipitation heterogeneity
on a glacier-by-glacier basis. However, a key challenge will
be assessing uncertainties in the global dataset, particularly
those arising from changing glacier extent.

Using the model with the calibrated meteorological data,
we reconstructed the annual mass balance over eight decades.
By comparing with meteorological variables, we concluded
that glacier shrinkage at this site has been primarily driven
by rising air temperature, while changes in precipitation have
neither accelerated nor mitigated the mass loss. In contrast,
neighboring Trambau Glacier within the same reanalysis grid
does not exhibit accelerated ice loss, highlighting the need to
clarify the causes of this contrasting behavior.

Mass loss of Glacier AX010 has accelerated since the be-
ginning of the 21st century, and if this trend continues, the
glacier is estimated to disappear completely within the next
one to two decades. It would be advisable to conduct a final
observation in the mid-2030s, both to document its disap-
pearance and to verify whether estimates such as ice thick-
ness were accurate.

Small glaciers serve as sensitive indicators of climate
change due to their rapid response to environmental per-
turbations. These glaciers provide opportunities to detect
and document early-stage responses to climate warming. As
this study demonstrated, detailed studies of individual small
glaciers enable the calibration and validation of reanalysis
datasets, revealing critical limitations such as strong spa-
tial heterogeneity in precipitation that may not be captured
at coarser scales. In addition, contrasting behaviors among
neighboring glaciers within the same climatic region high-
light the importance of local and topographic controls, un-
derscoring the need for glacier-specific investigations. Fi-
nally, monitoring disappearing small glaciers offers a unique
chance to verify model predictions and ice thickness esti-
mates, contributing to improved understanding of glacier dy-
namics and enhanced accuracy in future projections. Given
their numerical dominance in many mountain regions and
their vulnerability to ongoing warming, small glaciers war-
rant continued scientific attention.

Data availability. Daily meteorological data of the Trakarding
AWS for 2022–2023 (https://doi.org/10.5281/zenodo.18502771,
Fujita, 2026a), temperature and mass balance observed at AX010 in
1978 and in the 1990s (https://doi.org/10.5281/zenodo.18503128,
Fujita, 2026f), drone-based orthomosaic and DEM in 2023
(https://doi.org/10.5281/zenodo.18504092, Fujita, 2026b), GNSS
data surveyed in 2008 (https://doi.org/10.5281/zenodo.18503873,
Fujita, 2026c), hypsometry of Glacier AX010
(https://doi.org/10.5281/zenodo.18503308, Fujita, 2026d),
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and simulated mass balance of Glacier AX010
(https://doi.org/10.5281/zenodo.20945457, Fujita, 2026e) are
available at Zenodo (note: for review, we provide private access
links in a different file). The satellite-based geodetic mass balance
data are extracted from https://doi.org/10.6096/13 (Hugonnet
et al., 2021b). The ERA5 hourly reanalysis data (pressure and
single levels) are obtained from Copernicus Climate Data Store
(https://doi.org/10.24381/cds.bd0915c6, Hersbach et al., 2023a;
https://doi.org/10.24381/cds.adbb2d47, Hersbach et al., 2023b.

Supplement. The supplement related to this article is available on-
line at https://doi.org/10.5194/tc-20-4005-2026-supplement.
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