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Abstract High Mountain Asia (HMA) is among the most vulnerable water towers globally and yet future
projections of water availability in and from its high-mountain catchments remain uncertain, as their hydrologic
response to ongoing environmental changes is complex. Mechanistic modeling approaches incorporating
cryospheric, hydrological, and vegetation processes in high spatial, temporal, and physical detail have never
been applied for high-elevation catchments of HMA. We use a land surface model at high spatial and temporal
resolution (100 m and hourly) to simulate the coupled dynamics of energy, water, and vegetation for the

350 km? Langtang catchment (Nepal). We compare our model outputs for one hydrological year against a large
set of observations to gain insight into the partitioning of the water balance at the subseasonal scale and across
elevation bands. During the simulated hydrological year, we find that evapotranspiration is a key component
of the total water balance, as it causes about the equivalent of 20% of all the available precipitation or 154%

of the water production from glacier melt in the basin to return directly to the atmosphere. The depletion of

the cryospheric water budget is dominated by snow melt, but at high elevations is primarily dictated by snow
and ice sublimation. Snow sublimation is the dominant vapor flux (49%) at the catchment scale, accounting
for the equivalent of 11% of snowfall, 17% of snowmelt, and 75% of ice melt, respectively. We conclude that
simulations should consider sublimation and other evaporative fluxes explicitly, as otherwise water balance
estimates can be ill-quantified.

Plain Language Summary The Himalayan mountains are a crucial source of water for local
communities and the densely populated lowlands. Snow and glaciers are important for the water cycle in
mountains, and many studies have focused on them. However, vegetation can play a central role, too. To better
understand the water cycle in a high-elevation Himalayan basin, we use a computer model that considers
physical processes of snow and glaciers, soil, and vegetation in high detail. We simulate the catchment water
balance and investigate the importance of single components at different elevations and in different seasons. We
find that the transfer of water, in vapor form from the ground, snow and ice and the transpiration of plants are
important for the water budget in the study basin, causing more water to return to the atmosphere than ice melt
contributing to river runoff. Above 6,500 m above sea level, it is the transformation of snow into water vapor
and below 4,000 m the transpiration from vegetation that dominate the water budget. We conclude that models
simulating the water cycle in high mountain regions should consider vapor fluxes, as otherwise estimates of the
water balance can be misleading.

1. Introduction

High Mountain Asia (HMA) contains the largest ice mass outside the polar ice sheets (RGI Consortium, 2017).
It is among the most important and yet most vulnerable mountain water towers, i.e., high-elevation regions
which provide freshwater for downstream regions (Bandyopadhyay et al., 1997; Immerzeel et al., 2020; Viviroli
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et al., 2007). The accelerated transformation of snow (e.g., Lau et al., 2010; Usha et al., 2022) and ice (e.g., Brun
et al., 2017; Hugonnet et al., 2021; Maurer et al., 2019; Shean et al., 2020) into melt water destabilizes freshwa-
ter supply rates with large socio-economic effects for high mountain communities (McDowell et al., 2022) and
downstream populations (Azam et al., 2021; Biemans et al., 2019; Pritchard, 2019; Yao et al., 2022). Ongoing
changes in precipitation, permafrost thaw, subsurface water storage, and evapotranspiration implied by climate
change, further complicate the hydrologic response of high-mountain catchments as they alter surface runoff and
modify water supply to mountain and lowland areas (Yao et al., 2022). This contributes to large uncertainties in
future projections of water availability within and from mountain regions: although glacier runoff is expected to
peak, especially in the Indus and Ganges basins, in the next few decades under most climate change scenarios
(Huss & Hock, 2018; Nie et al., 2021), the impact on downstream water supply remains unclear, and a consider-
able portion might be lost through evapotranspiration and atmospherically recycled.

Numerous hydrological studies have been conducted in HMA at the scale of the entire Himalayan arc (e.g.,
Immerzeel et al., 2010; Lutz et al., 2014), for distinct regions (e.g., Khadka et al., 2020; Pohl et al., 2017) or
individual catchments (e.g., Duethmann et al., 2016; Fujita & Sakai, 2014; Immerzeel et al., 2013; Jouberton
et al., 2022; Mimeau et al., 2019; Pohl et al., 2015; Ragettli et al., 2015, Ragettli, Immerzeel, et al., 2016) to
investigate the hydrology of glacierized mountainous areas. However, all of these efforts to simulate HMA's
glacierized catchment hydrology rely on spatial, temporal, and process-related simplifications, partly dictated
by a lack of ground data that have steered modeling choices toward conceptual approaches. While a high degree
of simplification can be helpful for computationally efficient, long-term simulations into the past or for future
projections, simplifications in the spatial representation (e.g., hydrological units versus gridded representa-
tion), spatiotemporal resolution (coarse versus fine-scale) and processes (e.g., empirical versus physics-based)
can obscure potentially relevant mechanisms and hinder comparisons of individual processes or water balance
components (Mastrotheodoros et al., 2019; van Tiel et al., 2020).

Mechanistic modeling approaches that represent all processes of the land-surface interaction have not been
applied for high-elevation catchments of HMA yet. Land surface models incorporate cryospheric, hydrological,
and vegetation processes in high spatial, temporal, and physical detail for diverse land surfaces and enable a
mechanistic understanding of the functioning of distinct hydrological components of high-elevation catchments.
Explicit simulations of the energy and mass budgets provide estimates of vapor fluxes, which are assumed to be
nonnegligible in the water budget of glacierized HMA basins but are rarely quantified (e.g., Azam et al., 2021).
In conceptual models, catchment-scale evapotranspiration is often derived as a residual of the bulk water balance
or parameterized with empirical equations (e.g., Priestley—Taylor equation in Ragettli et al. (2015); Hamon equa-
tion in Sorg et al. (2014)) that do not account for vegetation dynamics or soil-vegetation interactions. Snow
sublimation remains, despite decades of research and the agreement on its nonnegligible role in the alpine water
balance (Broxton et al., 2015; MacDonald et al., 2010; Strasser et al., 2008), difficult to convincingly quantify.
In HMA, snow sublimation has never been simulated at the catchment scale, and its quantities remain elusive.
Remote sensing (e.g., Martens et al., 2017) and reanalysis products (e.g., Lu et al., 2021; Mufloz-Sabater, 2019)
that provide continuous (e.g., daily) time series of modeled evapotranspiration for all land surface types are only
available at coarse spatial resolution (>~10 km) and therefore not suitable to account for the supposedly high
spatiotemporal variability of latent heat fluxes in mountainous terrain in a reliable way.

As aresult, the importance of evapotranspiration for the hydrology of high altitude environments remains unknown
and the rare existing estimates of snow sublimation (Gascoin, 2021; Mandal et al., 2022; Reba et al., 2012; Stigter
et al., 2018) refer only to the point or regional scale.

In this study we use a distributed, physically based mechanistic land surface model that simulates the coupled
dynamics of energy, water, and vegetation at the land surface for a 350 km? Himalayan catchment and explicitly
calculates energy and mass fluxes with very high resolution in space and time (100 m and hourly). The meteor-
ological forcing is based on a dense network of multiyear, in situ station data. With the land surface model, we
simulate the energy and mass fluxes of the catchment for one data rich hydrological year and compare model
outputs against a variety of independent, multisource observational data. Our aim is to enhance the understanding
of the hydrologic functioning of a high-elevation glacierized catchment that is based on a model at the frontiers of
current research on land-surface interactions in complex terrains. Specifically, we shed light on the nontrivial role
of vapor fluxes (i.e., evaporation, sublimation, transpiration) in the water budget of such an extreme environment.
We will do this by (a) quantifying the importance of individual water balance components and how they vary
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Figure 1. The upper Langtang Valley catchment in the central Nepalese Himalayas (inset map): (a) map of observational stations running over the period of interest,
with the main automatic weather station (AWS) in Kyanjing (AWS,; number 2, see Table S1 in Supporting Information S1 for details); (b) spatial distribution of land
cover; (c) vertical distribution (hypsometry) of land cover within the catchment.

seasonally and with elevation and (b) identifying the key physical processes driving the changes in the water
balance.

2. Study Site and Climate

The study area is the upper Langtang Valley catchment (350 km? surface area), a high-elevation (3,650
7,227 m.a.s.l.) basin in the central Nepalese Himalayas (Figure 1). Its principal river, Langtang Khola, drains
into the Trisuli River and eventually contributes to the Ganges River. Numerous research campaigns have been
conducted in the valley since the 1980's, with a strong focus on its meteorology (e.g., Bonekamp et al., 2018;
Collier & Immerzeel, 2015; Fujita et al., 1997; Heynen et al., 2016; Immerzeel et al., 2014; Morinaga et al., 1987,
Seko, 1987; Seko & Takahashi, 1991; Steiner, Gurung, et al., 2021; Ueno & Yamada, 1990; Ueno et al., 1993),
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glaciology (e.g., Fujita et al., 1998; Higuchi, 1984; Pellicciotti et al., 2015; Ragettli, Bolch, et al., 2016;
Steiner, Kraaijenbrink, et al., 2021; Wijngaard et al., 2019) and glacio-hydrology (e.g., Braun et al., 1993;
Immerzeel, Van Beek, et al., 2012; Konz et al., 2007; Racoviteanu et al., 2013; Ragettli et al., 2015; Ragettli,
Immerzeel, et al., 2016; Wilson et al., 2016).

The upper Langtang Valley is highly glacierized (31%) and one-third of its glacier area is debris-covered
(Figure 1). About 26% of the basin is vegetated, comprising grassland (96%) and marginal zones of shrubs and
larch (4%). Rocky surfaces comprise 43% of the catchment, particularly in high-elevation and/or steep slopes
where no soil or glacier ice can form.

The climatic conditions in the catchment are mainly driven by the South Asian monsoon, affected by dominant
easterly winds in summer and westerly winds in winter (Immerzeel, Van Beek, et al., 2012). Most of the annual
precipitation (>75%) falls in the monsoon season between mid-June and September (Shaw et al., 2022; Uppala
et al., 2005). Precipitation is assumed to increase with elevation both in monsoon and dry (winter) seasons
(Seko, 1987). Concomitant with the high precipitation rates, the monsoon period brings warmer and cloudier
conditions (e.g., Ragettli et al., 2015), and the highest rates of glacier ablation occur during summer, which catego-
rizes glaciers in this region into summer-accumulation type glaciers (e.g., Ageta & Higuchi, 1984; Fujita, 2008).

3. Methods and Data
3.1. The Land Surface Model Tethys and Chloris

Model simulations were performed using the distributed, mechanistic land surface model Tethys & Chloris (T&C;
Fatichi et al., 2012a, 2012b). T&C simulates the coupled dynamics of energy, water (both at the hourly scale), and
vegetation dynamics (carbon and nutrient cycles at the daily scale) accounting for plant biophysical and physio-
logical properties. It represents bare soil, rock, vegetated, water, snow-covered, ice, and debris-covered ground/
glacier surfaces per grid cell (100-m spatial resolution in this study).

T&C generally assumes, for each grid cell, a single value of prognostic surface temperature, T, which represents
the homogeneous radiative temperature of the surface in a given computational element. When snow cover is
present at the ground and (if in a vegetated element) the vegetation is snow free, the model computes two prog-

nostic temperatures, T (snowpack radiative temperature) and T,,, (temperature of snow-free vegetated surfaces).

eg
The prognostic surface temperature is the central variable for the estimation of energy fluxes as it is used to close
the energy balance. All energy fluxes, net radiation, sensible heat, latent heat, ground heat, and incoming heat

with precipitation, are calculated based on T.

In order to estimate the transfer of heat, water vapor (i.e., sensible and latent heat fluxes) and CO, between the
land surface and the reference height, 7& C employs a resistance analogy scheme (Brutsaert, 2005; Garratt, 1992)
by separately calculating aerodynamic, undercanopy, leaf boundary layer, soil, stomatal (for sunlit and shaded
leaves), and soil-to-root resistances. The aerodynamic resistance is based on a simplified Monin-Obukhov solu-
tion using a bulk transfer coefficient (Mascart et al., 1995) with aerodynamic, thermal, and vapor roughness
lengths calculated based on Brutsaert (1982).

In T&C, the dynamics of each grid cell are resolved using hourly meteorological forcing, considering local shad-
ing cast by far-field terrain, and boundary conditions for soil and vegetation properties (Fatichi et al., 2012a).
Spatial interactions are introduced by considering surface and subsurface water transfer among cells, vertically
and laterally (e.g., Hopp et al., 2016). Therefore, a quasi-3D representation of land surface dynamics is achieved,
where incoming energy and lateral water transfers can influence the variability of the simulated fluxes and states
in a given cell (Fatichi et al., 2012a).

T&C has been applied to a large spectrum of ecosystems (e.g., grassland, forest, desert, shrubland, cropland),
environmental conditions (e.g., subarctic, high-alpine, Mediterranean, continental, tropical), and scales (from
entire mountain ranges to the catchment and plot (few hundreds of meters) scale; e.g., Botter et al., 2021;
Fatichi et al., 2021; Fugger et al., 2022; Fyffe et al., 2021; Mastrotheodoros et al., 2020; Paschalis et al., 2018;
Shaw et al., 2022). Given its mechanistic nature, the model requires minimal calibration (Fatichi et al., 2016),
and does not rely on calibration with aggregated variables such as catchment runoff, which represent the inte-
grated response of a catchment and not individual processes. It has instead physical parameters (e.g., soil hydrau-
lic properties, supraglacial debris properties) that can be estimated from observations, expert knowledge or
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values from the literature. A selection of model parameters can be found in Text S3 and Table S3 in Supporting
Information S1.

3.1.1. The Cryosphere

The melt and accumulation of glacier ice and snow, and the ice melt under debris are explicitly simulated in
T&C (Fugger et al., 2022). Snowpack and icepack dynamics are accounted for by solving the energy balance.
Snow can be intercepted by the vegetation or it falls to the ground, where it accumulates and successively melts.
Sublimation is computed as the flux of water vapor from a frozen surface considering the snowpack temperature
and the latent heat of sublimation (Pomeroy et al., 1998). The snowpack and ice column are each represented
as a single layer with conduction of energy down to a depth of 2 m, below which snow or ice are assumed to be
isothermal (Fugger et al., 2022). Snow has a water content which can refreeze, whereas melted water in the ice
pack is evacuated through runoff without refreezing. Transient debris temperature profiles are computed with the
heat diffusion equation using iterative numerical methods (e.g., Reid & Brock, 2010). The conductive energy flux
at the base of the debris is used for ice melt (Fugger et al., 2022).

Gravitational snow redistribution is simulated and routed based on the local terrain and snow depth for each time
step, following a simple avalanche routine (Bernhardt & Schulz, 2010).

Precipitation is partitioned into rain, snow, and mixed (sleet) phases, using the wet-bulb temperature, instead of
air temperature, as the main predictor for precipitation phase (Ding et al., 2014). The snow albedo scheme imple-
mented into 7&C takes into account fresh snow falls, snow aging, sleet albedo, cloud cover, and sun angle (Ding
et al., 2017). Details of the T&C energy balance model over snow, ice, and debris-cover ice are described in detail
in Fyffe et al. (2021) and Fugger et al. (2022).

3.1.2. The Pedosphere

We used the Saxton and Rawls (2006) pedotransfer function to compute soil hydraulic parameters. The soil
hydrology module in T7&C solves the 1-D Richard's equation in the vertical direction and uses a heat diffusion
solution (Nufiez et al., 2010) to compute the soil temperature profile (Botter et al., 2021). The solution accounts
for phase changes, soil freezing, and thawing, with latent energy being constrained by the availability of water.
The soil is discretized into n layers of varying thickness, which can individually, based on local topography,
laterally transfer water, following the kinematic wave approximation (e.g., Hopp et al., 2016). Saturated and
unsaturated parts of the soil column are explicitly identified. Surface overland and channel flow are also solved
through the kinematic equation. Runoff generation is made possible via saturation excess and infiltration excess
mechanisms and depends on lateral moisture fluxes in the unsaturated and saturated zones as well as in runon of
overland flow.

In T&C, the lowermost layer of the soil column is drained through the bottom resulting in a percolation flux from
the soil column to the bedrock (soil-bedrock leakage) when the last layer of soil is saturated. This vertical subsur-
face flow provides a recharge to deep aquifers, representing a reservoir with a relatively long residence time that
can be conceptualized as a lumped component at the watershed scale (Fatichi et al., 2012a).

3.1.3. The Biosphere

The vegetation module computes plant physiological processes including photosynthesis, respiration, vegetation
phenology, carbon allocation to different plant compartments, and tissue turnover (Botter et al., 2021). Four
different phenological states, relevant for leaf area index (LAI) dynamics and associated processes, e.g., for inter-
ception, are simulated and also affect plant carbon allocation (Arora & Boer, 2005): dormancy, maximum growth,
normal growth, and senescence (Fatichi et al., 2012a). Root zone temperature, soil moisture, and photoperiod are
used to control the beginning of the growing season (Mastrotheodoros et al., 2019).

3.2. Model Input Data
3.2.1. Topography

We used the ALOS World 3D-30 digital elevation model (DEM) derived from ALOS PRISM stereo images
(spatial resolution of 30 m; Takaku et al., 2014), resampled to 100-m spatial resolution (nearest neighbor method)
and with topographic sinks filled. The stream networks were derived from the filled DEM, with the outlet
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defined as the runoff station at Kyanjing village (28.2091°N, 85.5475°E, 3,648 m.a.s.l.; indicated as station “3”
in Figure 1a).

3.2.2. Glacier and Debris Maps

Glacierized area and initial ice volume were extracted from the glacier outlines of RGI 6.0 (RGI Consortium, 2017,
gray outlines in Figure 1a) and the consensus glacier thickness estimates (Farinotti et al., 2019). Debris-covered
glacier area (beige color in Figure 1b) was determined using outlines by Scherler et al. (2018). Debris thick-
ness (Figure S2 in Supporting Information S1) was derived empirically as a function of velocity (Text S1.3 in
Supporting Information S1). This approach was taken based on the observation that debris thickness patterns
are often controlled by surface velocity, and that the relationship between the two variables has an inverse form
(Anderson & Anderson, 2018; Kneib et al., 2023). At both Langtang and Lirung Glacier, the approach reproduces
in situ observations (McCarthy et al., 2017, 2022) relatively well (Figures S24a and S24b in Supporting Informa-
tion S1), and for all glaciers in the catchment, it reproduces expected debris thickness patterns, i.e., thicker debris
down-glacier and toward the margins, and thinner debris up-glacier and toward the center line (Figures S2 and
S24c in Supporting Information S1).

3.2.3. Land Cover and Soil Maps

We aggregated the vegetated area from the 2019 land cover product from PROBA-V satellite imagery (100 m
spatial resolution; Buchhorn et al., 2020; Text S1.1 in Supporting Information S1) to forest, shrubs, and grass-
land and defined the three main plant functional types as larch (deciduous), shrub (deciduous), and grass (C3)
based on specific botanical investigations (Beug & Miehe, 1999) and our own observations in the valley (Figures
S4-S6 in Supporting Information S1). However, these are generalizations and in reality subpixel heterogeneities
are likely. The vegetated area covers 26% (of which grass covers 96%, larch 2%, and shrubs 2%). The bare rock
surface makes up 43% of the watershed area.

Soil textural properties (fractions of soil and clay, organic carbon content) were extracted from the SoilGrids 2.0
product (250-m spatial resolution; Poggio et al., 2021) as input in 7&C. As a proxy for potential soil depths, we
used surface slope (e.g., Ragettli et al., 2015). We assumed a maximum soil depth in our high-alpine watershed
of 1 m for a flat surface (0° slope) and linearly reduced the soil depth with increasing slopes to a minimum of
0.01 m for slopes >60° (Figures S2 and S26 in Supporting Information S1). We defined 10 vertical soil layers for
each soil pixel, with layer thicknesses increasing between 0.01 near the surface to 0.3 m (Table S3 in Supporting
Information S1) and specified a quasi-impermeable layer at the assumed soil depth (closest layer).

3.2.4. Meteorological Forcing

T&C uses hourly air temperature, relative humidity, wind speed, precipitation, atmospheric pressure, incom-
ing shortwave radiation (Text S1.4.1 in Supporting Information S1), and cloud cover fraction as meteorologi-
cal inputs, which were derived from the automatic weather station (AWS) at Kyanjing (AWS,; 28.21081°N,
85.56169°E, 3,862 m.a.s.l.; Figures 1 and S4 in Supporting Information S1; data from ICIMOD (2016a)). The
meteorological record used in this study spans two hydrological years (1 October 2017-30 September 2019).

Data gaps at AWS,,,, due to sensor failures (Table S2 and Text S1.4.2 in Supporting Information S1) were filled
with data from AWS Yala Base Camp (AWS,; 28.23252°N, 85.61208°E, 5,090 m.a.s.1.; Figure 1; data from
ICIMOD (2016b)). Shortwave radiation instead was directly taken from ERA5-Land (Text S1.4.2 in Supporting
Information S1) for the entire modeled period.

Measured precipitation at AWS,y, was spatially distributed based on seasonally variable vertical precipitation
gradients derived from pluviometer data recorded at different locations and elevations in the upper Langtang
Valley (Immerzeel et al., 2014). Large-scale studies have shown linear precipitation increases with elevation
over mountain areas (e.g., Daly et al., 1994). But due to the lack of high-elevation observations, the validity of
a continued linear vertical gradient is uncertain and a “plateau”-effect, i.e., constant or decreasing precipitation
above a threshold elevation, has been suggested for different regions and at different scales in HMA (Immerzeel,
Pellicciotti, et al., 2012). We determined a plateau at an elevation of 6,500 m.a.s.l. (with no increase in precip-
itation above) based upon a preliminary calibration exercise comparing simulated with altitudinally resolved
glacier mass balance at the catchment scale. We tested three different maximum elevations (5,500, 6,000, and
6,500 m.a.s.l.), whereas the latter led to the best agreement with the independent glacier mass balance estimates
based on E. Miles et al. (2021). Forcing the model with the two lower plateau elevations (5,500 and 6,000 m.a.s.1.)
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resulted in an overestimation in glacier mass loss below 6,000 m.a.s.l. and accumulation deficit at higher eleva-
tions compared to the reference estimate. Further, we applied a vertical lapse rate for air temperature measured
at AWS,,, for each hour of the day and each month, derived from the regression of all available temperature
measurements located in the study catchment for the period 2012-2019 (Heynen et al., 2016; Shaw et al., 2022;
Steiner, Gurung, et al., 2021; Text S1.4.3 in Supporting Information S1). The lapsed air temperature over clean-
ice glacier areas was reduced by a constant value of 1°C to account for the assumed katabatic cooling effect on the
near surface boundary layer (Shaw et al., 2021; Shea & Moore, 2010; Text S1.4.3 in Supporting Information S1).

Cloud cover fraction, relative humidity, and wind speed were assumed to be spatially uniform for the entire
catchment per time step, and only a constant vertical gradient was applied to direct shortwave radiation to account
for the relative thinning of the atmosphere with increasing elevation (Marty et al., 2002; Text S1.4.3 in Support-
ing Information S1). Although, in reality, the spatial variability of these variables is assumed to be relatively
high, only a much denser network of permanent observations capturing the orographic and synoptic atmospheric
dynamics in the entire domain would allow their meaningful distribution in space.

3.2.5. Initial Conditions and Simulation Setup

The model study period is the hydrological year 2018/2019 (1 October 2018-30 September 2019), referred to as
“2019” hereafter. To initialize T&C, we applied a 2-year model spin-up time prior to the target period, allowing
the environmental variables, primarily vegetation (carbon pools), soil, and snow (water content), to adapt to the
actual climatic conditions at different elevations and decouple from the initial conditions. However, many processes
require a shorter spin-up period (days to weeks) and therefore the model output variables evaluated in the section
below are partly also shown for the year prior to the target hydrological year 2019. The 2 years spin-up period here
can therefore be seen as an upper bound time until which the entire hydrologic system is expected to be equilibrated.
Due to major data gaps at AWS,,, in the premonsoon and monsoon seasons 2017, the model spin-up time consists
of an array of two identical meteorological forcings (two times the period 1 October 2017-30 September 2018).

From the initial hourly scale distributed simulations, we stored monthly, spatially distributed model outputs,
hourly records at the locations of each station as well as spatially averaged hourly records for the entire watershed,
per land cover type, and plant functional type.

The model's hourly temporal resolution is essential to account for processes with high diurnal variability (e.g.,
snow and ice melt and associated surface fluxes such as radiation and sensible heat) that considerably shape the
runoff hydrograph.

4. Results
4.1. Model Evaluation

Langtang Valley is a unique monitoring site in HMA (Steiner, Gurung, et al., 2021), and this allowed comparison
of model simulations with a variety of hydrometeorological and soil observations (Figure 2) at the plot scale.
However, a mismatch in scales persists in all these evaluations, as we compare values measured at a specific
point and simulated for a grid cell of 100 X 100 m, respectively. Additionally, all measurements are concentrated
in the lower altitudes (maximum station elevation is 5,330 m.a.s.l., while the highest point in the catchment is
7,225 m.a.s.1.). Therefore, we also leverage remote sensing products to validate the model outputs across eleva-
tional bands and for different land cover classes (Figure 3). Additional model comparisons, aside from those in
the main text, are in Supporting Information S1 (Figures S10-S19).

4.1.1. Plot-Scale Evaluation
4.1.1.1. Surface Temperature

Modeled surface temperature (7) refers to the skin temperature at the interface between the ground and the atmos-
phere. Surface temperature was not measured directly at most stations but could be inferred from the observed
outgoing (upward) longwave radiation (assuming a constant emissivity value of 0.97 for all surfaces). T&C repli-
cated the seasonal cycle and subseasonal fluctuations of measured surface temperatures well at AWS,, (grass
surface) and AWS, .. (bare soil) with a coefficient of determination (R?) > 0.67 and a root mean square error
(RMSE) < 4°C (Figure 2a). Strong but temporally limited deviations between observed and modeled values were
apparent at stations with a transient snow cover (e.g., in September 2018 at AWS, ; .; Figure 2a), where the model
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Figure 2. Comparison of observed and modeled variables at the point scale. (a) Daily mean surface temperature (7,) as modeled and measured at AWSs Kyanjing
(AWS,,) and Yala-BC (AWS, ;) (observed values were derived from longwave radiation measurements). (b) Daily mean effective saturation (S,) at different soil
depths as modeled and measured at stations Langshisha-BC (SM, ;) and Tserko Ri (SM ). The red shading indicates the target simulation period (October 2018 until

September 2019).
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did not reproduce the nearby observed (solid) precipitation amounts (Figure S14 in Supporting Information S1;
snow depth at AWS, ;. was not recorded).

4.1.1.2. Soil Moisture

Soil moisture was measured at two sites with three sensors within the soil column at each site. These measure-
ments are only representative of the exact point location, since the soil properties, such as soil density, pore size
distribution, organic content, soil depth, and preferential drainage paths, are highly variable in space (Schmitz
& Sourell, 2000; Warrick & Nielsen, 1980). The modeled soil moisture, on the other hand, is representative for
a soil profile of spatially averaged soil properties over a grid cell (Table S4 in Supporting Information S1), and
therefore an integrated variable of subsurface hydrological dynamics. To normalize for this heterogeneity, we
compare soil effective saturation (S,, Figure 2b), which is a normalized metric of soil moisture and less dependent
on the exact soil properties. S, [—] of a soil layer i is defined as

0; — Ony

Se= ——
¢ 0sat - ahy

)]

where 6, is the liquid volumetric soil water content, 6, is the hygroscopic (residual) water content (imposing a
water potential equal to —10,000 kPa) and 6, is the saturated water content, respectively (all dimensionless).

The model captures the intraannual cycle of S, at both sites and reproduces the observed vertical water content
structure, with more moisture deeper in the soil at the lower fieldsite (Langshisha-BC, SM, ) and more water
close to the surface in the higher site (Tserko Ri, SM ). Both profiles show low S, in winter and premonsoon and
peak saturation during the monsoon season. This seasonal pattern is more pronounced at the higher SM ¢, site,
where the modeled saturation also agrees well throughout the two hydrological years shown here. At the SM, ;.
site, the model tends to overestimate S, but preserving the annual cycle. At SMi .y, it is the summer period which
the model slightly overestimates, whereas the winter season and transition to/from it is replicated well. An overes-
timation in soil moisture might lead to increased runoff contribution and higher evapotranspiration in some areas.

4.1.2. Distributed-Scale Evaluation
4.1.2.1. Leaf Area Index

We averaged simulated monthly mean LAIs over all grid cells vegetated with grass, shrub and larch, respectively,
and compared it to the averaged satellite-derived LAIs (VIIRS; Text S4.2 in Supporting Information S1) of the
same cells (Figure 3a). The seasonality of LAI (high in summer, low in winter) was captured by the model,
with R? (based on monthly averages over the target year) between 0.165 (larch) and 0.651 (shrub), and RMSE
between 0.18 (grass) and 0.95 (larch; Figure 3a). The mismatch between simulated and observed LAIs during the
monsoon season is likely due to a bias in the observations related to the high uncertainty due to cloud cover and
complex topographies in general. Larches cover only a very small part of the catchment (0.56%, i.e., <2 km?),
and by relying on LAI from VIIRS (500 m spatial resolution) subpixel errors, i.e., mixing e.g., with grass, but also
betula, fir, juniper, and rhododendron, which were not represented in our land cover product, but observed in the
catchment, are therefore very likely. Although also shrubs cover a small part of the basin (0.38%, i.e., <1.4 km?)
only, erroneous mixing with e.g., grass is less of a problem, since grass and shrubs show similar LAIs here.

4.1.2.2. Glacier Albedo

We derived glacier albedo values from Landsat 8, “LS8,” and Sentinel 2, “ST2,” following the approach of Ren
et al. (2021) (Text S4.3 in Supporting Information S1) and compared them to simulated mean glacier albedo
values (excluding debris-covered areas) per 200 m elevation band (Figure 3b). Modeled glacier albedo reproduces
the seasonal cycle at lowest elevation (4,800-5,000 m.a.s.l.), with alternating bare ice and snow-covered glacier

Figure 3. Comparison of observed and modeled variables at the distributed scale. (a) Monthly mean (+1 SD) leaf area index as modeled (black line) and measured
(VIIRS) for all cells with grass (86.8 km?; 3,650-5,780 m.a.s.1.), shrub (1.3 km?; 3,760—4,790 m.a.s.1.), and larch (1.9 km?; 3,700—4,420 m.a.s.1.). (b) Monthly mean
glacier albedo (excluding debris-covered areas) as modeled (black line) and observed (Landsat 8, “LS8,” in red; Sentinel 2, “ST2,” in blue) for three specific elevation
bands (+1 SD) at the approx. Equilibrium line altitude as well as below and above. (c) Monthly mean snow-covered fraction as modeled (black line) and observed
(MODIS in blue; +1 SD) for the entire upper Langtang Valley catchment. For the modeled snow-covered fraction, only cells with an average monthly snow depth
>0.02 m were considered. (d) Comparison of modeled and observed (ECOSTRESS) surface temperatures averaged per land cover type (symbols) for different points
in time. Colors indicate the elevation. Red shade indicates the target simulation period (hydrological year 2018/2019) used to calculate the model performance (R? and

RMSE).
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surfaces (RMSE of 0.17 for LS8 and 0.24 for ST2, respectively; Figure 3b). The modeled glacier albedo in the
uppermost zones of the catchment (>6,000 m.a.s.l.) gives a slight bias compared to the LS8 observations and
matches the ST2 data well especially during winter, which points to the discrepancy between the two remotely
sensed products and associated uncertainties (Ren et al., 2021).

4.1.2.3. Snow-Covered Area

Monthly averages of simulated snow-covered fraction were compared to satellite-derived values (MODIS-Terra;
Text S4.4 in Supporting Information S1) for the entire upper Langtang Valley (Figure 3c). We applied a snow
depth threshold (monthly average per grid cell) of 0.02 m to calculate the modeled snow-covered fraction, as
smaller snow amounts are likely not recognized in the remote sensing observations (Parajka & Bloschl, 2008).
The model captured the timing of the winter/spring peaks in snow-covered area in 2019 but overestimated the
total snow cover after the peak, leading to a snow cover fraction ~20% too high in summer 2019 (R? = 0.30;
RMSE = 0.21; Figure 3c).

4.1.2.4. Land Surface Temperature

Surface temperature, measured over diverse land surface types and over relatively large areas beyond single points,
is an important variable to assess the validity of the modeled surface energy balance and especially the turbulent
heat exchange between different surfaces and the atmosphere. For the time steps with available satellite-derived
surface temperature (ECOSTRESS; Text S4.5 in Supporting Information S1) observations, we compared simu-
lated surface temperatures averaged per land cover class over the entire study basin to the observed land surface
temperature averaged over the same area (Figure 3d). The observed and modeled surface temperatures generally
match (R? = 0.77; Figure 3d). A clear bias occurs for clean-ice glacier surfaces, for which the model estimates
surface temperatures between —5°C and 0°C most of the time, whereas the remotely sensed temperatures show
a much larger spread (between —20°C and 0°C). However, ECOSTRESS has been shown to have a sensor bias
related to cold surfaces and very high elevations (Hulley et al., 2021; Weidberg et al., 2021) for which it is not
calibrated and therefore is associated with relatively large uncertainties.

4.1.2.5. Discharge

We compared observed with modeled discharge at three stations (stream gauges Langtang Glacier at 4,419 m.a.s.1.,
Langshisha at 4,000 m.a.s.l., and Kyanjing at 3,850 m.a.s.1., indicated with IDs no. 15, 13, and 3, respectively, on
the map; Figure 4). Discharge was measured with water level sensors (pressure transducers) and flow rating curves
were established using rhodamine (Langtang) and salt dilution (Langshisha and Kyanjing) measurements at all
three sites. Constrained by the duration of field campaigns (Langtang Glacier gauge) or sensor failures (other two
sites), the discharge estimates only cover limited time windows during the model period. The most complete refer-
ence data set, below Langtang Glacier (Figure 4a), covers the period May—October 2019 and therefore includes
both low flow (premonsoon) and high flow (monsoon) and shows the best match with the modeled discharge at
this site. Here, T&C slightly underestimates streamflow compared to the observations (RMSE = 3.9 m? s7!). The
same is true for the Langshisha gauge site (Figure 4b; RMSE = 1.3 m? s~!), where only parts of high-flow condi-
tions in 2018, i.e., in the model spin-up period, are recorded. One possible reason for the underestimation here
could be the retention of melt water in the debris-cover as well as supraglacial ponds on the two respective glaciers
(E. S. Miles et al., 2017; Steiner, Kraaijenbrink, et al., 2021). Instead, the model overestimates the flow at the
Kyanjing gauge site (Figure 4c; catchment outlet; RMSE = 9.9 m? s~!) slightly in premonsoon 2019 (target model
period). Note that the hydrological year 2017/2018 (white background in Figure 4c) belongs to the model spin-up
period. The mismatch at the lowest stream gauge site can have various reasons: (a) overestimation of precipitation
amounts during winter or spring (snow) and monsoon (rain); (b) overestimation of snow melt in the spring season;
(c) underestimation of losses to groundwater (i.e., infiltration into fractured rock) or into geomorphic features
(i.e., talus slopes or moraines) in the valley bottom of the watershed. Additionally, since measurements in this
environment are extremely challenging (relatively unconstrained river beds due to unconsolidated material) and
flow rating curves extrapolated to high-flow periods rely on observations during low-flow conditions, there are
uncertainties in the gauged records, especially during the monsoon high-flow periods.

4.1.2.6. Glacier Surface Mass Balance

We generated elevationally resolved specific glacier mass balances derived by solving the continuity equation
(indicated as “Remote sensing inferred” hereafter; E. Miles et al., 2021; Text S4.6 and Figures S8 and S9 in
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Figure 4. Observed and modeled mean daily discharge at Langtang Glacier (a), Langshisha (b), and Kyanjing (c) stream
gauges, respectively. Red circles indicate days of rating curve measurements. Note that the first year (white background,
hydrological year 2017/2018) belongs to the model spin-up period.
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Figure 5. Elevation-resolved (averaged per 100 m elevation band) annual total glacier mass balance (line plots; average between postmonsoon 2017 and postmonsoon
2019), clean ice-covered and debris-covered area (bar plots) and debris thickness (boxplots) for the entire Langtang Valley watershed (a; see Figure S7 in Supporting
Information S1 for spatial coverage) and individually for Langtang Glacier (b). The black line (Modeled total) and red line (Remote sensing inferred; shaded area:
uncertainty range) indicate modeled and continuity equation-inferred specific glacier mass balances, respectively. The blue line (Modeled clean ice) and the gray line
(Modeled subdebris) indicate average mass balances from clean ice and debris-covered areas, respectively.

Supporting Information S1). We compared the mean annual mass balance for the period 2017 until 2019 to the
simulated monthly mass balance for the same period for all glaciers (Figure 5a; see Figure S7 in Supporting
Information S1 for spatial coverage), as well as individually for Langtang Glacier (Figure 5b) which is the largest
glacier in the catchment (46.5 km?; 43% of total glacier area). Results for the other main glaciers in the catchment
are shown in Figures S16-S19 in Supporting Information S1.

The simulated and observed elevational profiles are generally consistent (Figure 5a): low mass loss toward the
glacier terminus (<5,000 m.a.s.1.), where relatively thick debris-cover dominates and suppresses melt; and increas-
ing mass loss at higher elevations, in the upper ablation zone (>5,000 m.a.s.l.), characterized by relatively thin
debris-cover, marking the (actual, short-term) equilibrium line altitude of the glaciers in the catchment around
5,800 m.a.s.l. Both the catchment-scale and glacier-scale comparisons show a discrepancy between remote sensing
inferred and modeled ablation patterns in the debris-covered ablation zone, where the model shows less annual
ablation than is inferred from the satellite-derived estimates. Like the other main glaciers in the valley, Langtang
Glacier has a heavily debris-covered tongue with supraglacial ice cliffs and ponds (Kneib, Miles, Buri, et al., 2021;
Kneib, Miles, Jola, et al., 2021; E. S. Miles et al., 2017; Steiner et al., 2019) which locally enhance glacier melt
(Buri et al., 2021; E. S. Miles et al., 2018) and lead to increased glacier thinning rates in areas of high density of
these features (Ragettli, Bolch, et al., 2016). The mass loss effects of cliffs and ponds on the glacier surface are not
included in the model and are also not represented in the debris thickness. The difference in modeled and estimated
glacier mass balance in the upper parts of the debris-covered tongues is potentially a result of enhanced melt from
supraglacial features, overestimated debris thickness or spatially variable physical debris properties.

4.2. Spatial Variability of Energy and Mass Fluxes

In this section, we show the distributed patterns of key atmospheric, cryospheric, and hydrological variables to
explain the most important spatial characteristics of energy and water fluxes in the catchment.
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4.2.1. Key Atmospheric Variables

Annual average net radiation (R,; catchment average: 69 W m~2h~!; Figure 6a and Table S5 in Supporting Infor-
mation S1) and sensible heat fluxes (H; catchment average: 31 W m~2 h~!; Figure 6b and Table S5 in Supporting
Information S1) are both largely influenced by the elevation (gradient in air temperature and incoming longwave
radiation), the topography (exposure to incoming shortwave radiation), and the transient conditions at the surface
(reflection of incoming shortwave radiation; emission of longwave radiation). Evaporation and sublimation (E;
catchment total: 286 mm a~!; Figure 6¢ and Table 1) are generally limited by the availability of energy and
therefore their distribution is largely determined by the different surface conditions. Generally high E values are
simulated for low elevations as a result of (wet) soils, but also for high altitudes with frequent snow cover, where
sublimation takes place.

4.2.2. Key Cryospheric Variables

The strong elevation dependence of solid precipitation (P, catchment total: 1,310 mm w.e. a~'; Figure 6e and

SHOW;
Table 1) shows that solid precipitation occurred in the entire valley during the model period, but that the highest
altitudes received about 6.5 times more P, (~2,000 mm w.e. a~!) than the lowest altitudes (~300 mm w.e. a™).

catchment total: 834 mm a~'; Figure 6f and Table 1) increase with
elevation and increased snow accumulation until the point at high altitude where it is decreasing again due to a

The annual amounts of snowmelt (M,

snow?

lack of energy for melt. Highest annual ice melt (M. __; catchment total: 180 mm w.e. a~!; Figure 6g and Table 1)

1ce;
totals are apparent at the debris-covered tongues (low elevation) and at the transition from debris to clean ice
(below the snowline altitude). The spatial pattern of evaporation and sublimation from snow and ice (E_ . .;

catchment total: 165 mm w.e. a~!; Figure 6h and Table 1) is elevation dependent due to dry and cold (nonmelting)
conditions in combination with the availability of snow and ice surfaces being more likely at high elevations.

4.2.3. Key Hydrological Variables

While the absolute amount of water stored in the soil (V; .+ catchment total: 96 mm w.e.; Figure 6i and
Table 1) is controlled by the soil characteristics, and P and E rates, the transient spatial distribution is generally

related to the lateral subsurface water flux (Q,,; Figure 6k). Both and Q,,, show no elevation-dependency

Vsoil water

within the soil-dominated and vegetation-dominated lower regions of the catchment, but mirror the influence of
assumed local topography on the routing of subsurface water pathways.

Strongly tied to the phenology and activity of the vegetated land cover, transpiration (7r; catchment total:
26 mm w.e. a~!; Figure 6j and Table 1) shows a clear elevational pattern within the lower half of the catchment
(<5,000 m.a.s.l.), with decreasing transpiration rates with elevation.

Highest rates of evaporation and sublimation from interception on vegetation (E;,...,; catchment total:
6 mm w.e. a!; Figure 6] and Table 1) are simulated for the larch sites (because of higher LAI) where higher
volumes of leaf intercepted water are available for longer periods to eventually evaporate, compared to the grass

and shrub areas.

4.3. Sub-Seasonal Mass Fluxes

We analyzed the modeled mass fluxes during the 2019 hydrological year and extracted monthly averages (in
mm w.e. mo~") per 100 m elevation band (Figure 7). For a given month, we summed a specific variable (e.g.,
M) over all cells per elevation band, and divided that sum by the number of cells in that elevation band (i.e.,
total M per altitudinal band, divided by area, resulting in an “effective” or “specific” melt rate). Average mass
fluxes per elevation band derived in this way show the importance of a particular water balance component in
relation to other components at a specific elevation. We first present the bulk mass fluxes for the major hydro-
logical balance components (precipitation, snow and ice melt, total ET; Figures 7a—7d) and then examine the
individual ET components (Figures 7e—7h). The latter, in combination, all result in the direct loss of water from
the catchment without contributing to runoff.

4.3.1. Precipitation (P)

The main share of P in the modeled period fell during the monsoon season (July and August 2019; Figure 7a)
as liquid precipitation generally below 5,000 m.a.s.l. (Figures S20 and S23a in Supporting Information S1).
February 2019 ranked directly after August and July in terms of total P (Figure 7a and Table 1), while in the
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Table 1
Annual and Monthly Total Values of the Water Balance Components Calculated for the Upper Langtang Catchment for the 2019 Hydrological Year
Annual Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep

Variables [mm w.e.a™!] [mm w.e. mo~!]

Precipitation 1467.4 0.5 31 0.3 71.9 218.8 49.3 109.8 70.2 162.8 250.7 313.7 2164
Snow 1309.8 0.5 3.0 0.3 71.9 218.8 49.3 109.2 68.5 140.6 200.8 2573  189.6
Rain 157.6 0.0 0.1 0.0 0.0 0.0 0.0 0.5 1.7 222 49.8 56.4 26.8

Snow melt 834.4 3.1 2.4 0.3 133 333 43.0 59.2 82.4 137.3 156.7 181.5 1219

Ice melt 180.1 37.7 9.1 0.9 6.7 0.6 31 8.8 18.3 30.2 26.7 22.3 15.5
Bare-ice 120.1 30.6 7.3 0.7 6.7 0.6 3.0 6.3 10.5 17.1 15.1 12.9 9.3
Sub-debris 59.9 7.1 1.8 0.2 0.0 0.0 0.2 2.5 7.8 13.1 11.6 9.4 6.2

Evapotranspiration 285.8 18.5 11.2 8.8 129 17.9 33.6 40.2 44.3 32.5 22.7 24.8 18.5
Transpiration 26.0 1.9 0.3 0.0 0.0 0.0 0.0 0.8 2.9 4.9 5.0 6.1 42
Soil 63.5 6.1 1.9 0.4 0.1 0.6 3.9 9.1 12.2 11.0 7.4 6.6 42
Interception 6.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.3 1.9 2.1 1.9
Standing water 26.0 0.8 0.2 0.0 0.1 0.6 3.0 4.0 4.8 3.7 3.1 3.9 1.8
Ice 24.6 6.0 6.2 6.1 3.6 0.1 0.4 0.5 0.8 0.5 0.1 0.1 0.1
Snow 139.3 3.7 2.6 2.1 9.1 16.6 26.2 25.8 23.6 12.0 52 6.0 6.3

Runoff 1210.3 73.1 40.8 36.7 374 40.2 48.6 64.9 88.1 164.3 212.1 246.0  158.1

[mm a~1] [mm mo~1]

Soil water storage 95.6 82.7 78.2 77.2 78.2 90.5 100.8 106.1 103.5 103.4 107.9 1102  109.1
Liquid 64.8 78.7 55.4 324 10.5 15.9 27.7 54.9 78.5 97.6 107.2 110.1  109.1
Frozen 30.8 4.0 22.8 44.8 67.7 74.6 73.1 51.2 25.0 5.8 0.7 0.1 0.0

Note. The greatest magnitude individual water balance, ET, and soil water storage components for each month are highlighted in blue, green, and yellow, respectively.

40 years average (based on ERAS5-Land data) February ranked as the seventh highest P month (Figure S21c in
Supporting Information S1). Monthly P totals in July and August 2019 ranged from 169 to 211 mm w.e. mo~! at
4,000 m.a.s.l. to 340425 mm w.e. mo~! at 6,600 m.a.s.1., respectively.

4.3.2. Snowmelt (M

sn()w)

Winter M____ is most pronounced at the lowest elevations of the study area and progresses toward higher altitudes

snow

with the onset of the melting season in the premonsoon season (Figure 7b). The highest M rates for the main
months during the melting season (May to September) range from 173 mm w.e. mo~! in May to 276 mm w.e. mo™~!
in August and are all found in a relatively narrow elevational range between 5,100 and 5,400 m.a.s.l. Average
annual M__ totals peak in that elevational zone regardless of terrain aspect, but are higher for the south facing

slopes (ESE-WSW) than north-oriented surfaces (Figure S22 in Supporting Information S1) as observed also in
a previous observational study (Girona-Mata et al., 2019).

4.3.3. Ice Melt (M. )

ice

At the onset of the melt season, the highest M, rates are found at 4,700 m.a.s.1. in May 2019 (43 mm; Figure 7c),
whereas M, _ rates consistently peak at an elevation of 5,300 m.a.s.]. between June and September 2019, ranging
between 37 (September) and 63 mm w.e. mo~' (July) for that particular elevational band. The highest M., rates
overall, though, are simulated for October 2018 with an average of 99 mm w.e. mo~! at the 5,500 m.a.s.l. eleva-

tion band.

Figure 6. Selected distributed model outputs shown as annual averages (radiative fluxes) or totals (mass fluxes) for the 2019 hydrological year (1 October 2018-30
September 2019) in the upper Langtang Valley. (a-d) Key land-surface variables regarding atmospheric and surface conditions: net radiation (R, [W m~2]), sensible
heat (H [W m~2]), latent heat (E [mm w.e. a~']), precipitation (P [mm w.e. a~!]); (e-h) key cryospheric variables (all in mm w.e. a~!): snowfall (P, ), snow melt
(M) ice melt (M,_,), evaporation and sublimation from snow and ice (E,,..); (i-]) key variables concerning hydrology (all in mm w.e. or mm w.e. a~!): water stored
in the s0il (V; ) transpiration (7r), incoming lateral subsurface water flux (Q,,), evaporation and sublimation from intercepted water and snow from vegetation

(E

inlercepl) .
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Figure 7. Elevational distribution of monthly average mass fluxes (averaged over all cells in an elevation band) as modeled for the 2019 hydrological year for the upper
Langtang Valley catchment. The top panel (a—e) shows the main mass flux components relevant for the catchment water balance, the bottom panel (e—h) consists of the
various ET components. Positive values in subplots d-h indicate net vapor mass fluxes from the surface to the atmosphere (evaporation, sublimation, or transpiration).

4.3.4. Evapotranspirative Fluxes (ET)

The majority of the months of the hydrological year 2018/2019 show distinct peak ET rates at the highest and
lowest elevation bands (Figure 7d). Looking at the modeled individual ET fluxes (Figures 7e—7h show the most
important ones for the water balance), the high magnitudes toward the uppermost and the lowermost altitudes of
the study catchment are a consequence of the complementary behavior of evaporation and sublimation from snow
and ice (E__ and E._; high elevation) and the other three main ET components, i.e., evaporation from ground

snow ice?

(E,;) evaporation from standing water (Epond), and transpiration (7r; all at low elevation).

E,,. is the main contributor to the total ET water loss to the atmosphere at elevations above 5,500 m.a.s.L.
(Figure 7e; 86%), whereas evaporation and sublimation from ice (E,.) are only minor contributors above
5,500 m.a.s.l. in the study catchment (Figure 7f; 14%). E_, is the primary ET mass flux at low elevations
(<5,000 m.a.s.1.; 43%) in the catchment (Figure 7g), followed by Tr (19%) in that particular elevation range. The
vegetation in the study catchment transpires at the highest rates (~50 mm w.e. mo~!; Figure 7h) between June and

August, marking the onset and peak of the monsoonal season, respectively.

4.4. Annual Mass Balance Partition

The average partition along the elevation gradient (Figures 8a and 8d) emphasizes the importance of an individual
component compared to the others at a given elevation and allows to compare the magnitude of a given flux per
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Figure 8. Partition of (liquid) water balance (a—c; here vapor fluxes directed from the surface to the atmosphere are shown as negative values; note that ET is excluding
snow and ice surfaces here) and ET mass fluxes from all surfaces (d—f) as averages (averaged over all cells in an elevation band), area-weighted totals and catchment-
wide totals, respectively, per elevation band for the 2019 hydrological year. (a) Elevation-resolved average water balance partition; (b) elevation-resolved, area-weighted
water balance partition; (c) catchment-wide water balance partition; ASoil water and ASWE are the storage changes for water in the soil and in the snow pack,
respectively. (d) Elevation-resolved average ET partition; (e) elevation-resolved, area-weighted ET partition; (f) catchment-wide ET partition.

unit area at different elevations, while the (area-weighted) totals reveal the absolute relevance of each component
for the total catchment water balance at a given elevation (Figures 8b and 8e) or at the catchment scale (Figures 8c
and 8f).

Noticeable differences in the general elevational distribution between the individual water balance components
appear when examining their annual averages (Figure 8a). Here, we are looking at the (liquid) water balance from
a runoff perspective, i.e., based on whether a component is contributing to runoff (rain, ice melt, snow melt) or
removing it (runoff, ET from nonfrozen surfaces). In terms of inputs to the water balance, liquid precipitation
clearly dominates the lowermost altitudinal zone (<4,600 m.a.s.l.) of the catchment, almost exclusively due to
rain events during the monsoon season (Figure S20 in Supporting Information S1). Above 4,500 m.a.s.l., annual
M___ exceeds the amount of rain (Phq), and at about 4,800 m.a.s.l., above which the occurrence of Pliq is very rare,

Snow

the water generated from M, is more important for the water balance than rain. On the negative side of the water
balance, the relative importance of the ET mass fluxes exceeds the input from Py in the lowermost elevations

<3,900 m.a.s.l.

M, shows a bimodal altitudinal distribution with a large amplitude (ranging from 200 to 1,200 mm w.e. a=!),

peaking between 5,000 and 5,500 m.a.s.]. and to a lesser extent above 7,000 m.a.s.l. Similarly, the average M,
rates are bimodally distributed with elevation and peak in the same altitudinal zone, but showing a considerably
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smaller magnitude (ranging from 0 to 350 mm w.e. a=!). In contrast, ET rates (excluding snow and ice surfaces
here) show a minimum around 5,200 m.a.s.l., but increase toward the lower end of the catchment (Figure 8a).

Given the characteristic unimodal catchment hypsometry (Figure 1c) of the upper Langtang Valley with
a distinct peak between 5,000 and 5,500 m.a.s.l., it is evident that this elevation range amplifies the overall
importance of individual average water balance fluxes (Figure 8a) in an absolute manner (Figure 8b) at the
catchment scale (Figure 8c). Consequently the two most important mass fluxes on average between 5,000 and
5,500 m.a.s.l. (Figure 8a), M, . and M, are also contributing most to the catchment water balance across all
elevation bands (Figure 8b) and show the largest share in the total catchment water balance (63% and 14% of
all the positive water balance components, respectively; Figure 8¢). The contribution of Py, to the water balance
(12%) is only slightly less than that of M,

ice’

(3,650-5,100 m.a.s.l.) compared to the M,

ice

but concentrated to a relatively narrow altitudinal zone of <1,500 m
occurring over >3,000 m of altitude.

The absolute total amount of ET (including snow and ice surfaces) at the catchment scale (286 mm w.e. a™!;
Table 1) is 59% higher than the total M.

.. (180 mm w.e. a~!), which emphasizes the fact that it is not enough
to focus on ice melt alone in assessing how much water is available to supply downstream regions. The bulk
part of the water returned to the atmosphere through ET mass fluxes originates from the zone between 5,000
and 6,000 m.a.s.1., predominantly from snow and ice surfaces (Figure 8e). In the upper half of the catchment

(>5,300 m.a.s.l.), where glacierized and rocky land cover with frequent snow cover dominate, E make

snow/ice

and E, rates peaking at 6,700 and at 6,900 m.a.s.1., respectively
(Figure 8d). Going toward lower elevations, where soils and vegetation are the dominant land covers and snow

up the entire annual ET, with average E

cover is less frequent, it is only below 5,000 m.a.s.l. that ET mass fluxes from nonfrozen surfaces become the
below 4,800 m.a.s.1. (Figures 8d and 8e), followed by

evaporation from ponded water in convergent portions of the landscape (E,,,; 4,600 m.a.s.L.), 7r (4,500 m.a.s.L),

and E. (4,100 m.a.s.1.). In the lowest reaches of the catchment (<4,000 m.a.s.l.), which marks the upper limit

intercept.
of more dense vegetation in the Langtang Valley, vegetation becomes the dominant source of ET (both in rela-

dominant component: E_; exceeds the annual total of E

Soil snow

tive and absolute terms; Figures 8d and 8e). At the catchment scale, the individual shares of the ET components
(Figure 8f and Table 1) are dominated by E__ (49%) and E_, (22%), whereas Tr, E.

snow soil pond?
on vegetation contributes 2% to the annual ET.

and E, , show consider-

ably smaller but similar contributions (about 9% each). EimmepL

4.5. Depletion and Regeneration of the Cryospheric Water Budget
M

snow’

When looking at the cryospheric variables P, E
pattern of depletion and regeneration of the catchment cryospheric water budget (Figures 9a and 9b). The balance

owsice a5 Well as M, . we can derive the spatiotemporal
heatmap (Figure 9a) reveals a distinct replenishment of the cryospheric system in February (>5,500 m.a.s.1.) and
during monsoon (>6,000 m.a.s.l.) through P
(Figure 9e), M, (Figure 9d), as wellas E__ ;...
soon (entire vertical extent) and monsoon (<6,000 m.a.s.l.). However, these three negative balance components
to the cryospheric budget depletion

happens especially in the lower (February to April) and central altitudinal zone (May—September) of the catch-

(Figure 9c) in the upper zone of the basin. Concurrently, M,

snow

(Figure 9f) are responsible for the balance depletion in premon-

Snow

act in very distinctive spatiotemporal zones. While the contribution of M

snow

ment, E, acts in a complementary way, with high magnitudes during postmonsoon in the upper half of the

snow/ice
catchment, and gradually increasing from low to high elevations from March to September. Although the magni-
tudes of M are generally very high and crucial for the overall balance, especially in the lower half of the study

snow

basin, at high elevations it is mainly E_ . . that causes a distinct change in accumulated snow (March to May)
between winter and monsoon originating from P_ . With the onset of the melt season and the decreasing snow
cover in the lower reaches of the catchment, large elevational gradients of E _ rates occur from April to June,

snow
indicating a suppression by monsoon later in the ablation season.

5. Discussion
5.1. Importance of Evapotranspiration for the Water Balance

Our simulations reveal that the equivalent of >1.5 times the total amount of ice melt production is lost directly
to the atmosphere through evapotranspirative fluxes (during the 2019 hydrological year; Table 1), and does not
contribute to catchment runoff and downstream water availability. We found that it is primarily sublimation from
snow at high elevations and ET from soil and vegetation at low elevations (Figure 8d) that determine the relative

BURIET AL.

19 of 30

85U8217 SUOWILLIOD aAIIeaID 3|qedi|dde auy Aq pausenob ale sajoie YO ‘ash JO SanJ 4oy Arlg i auluQ AS|1/M UO (SUONIPUOD-PUe-SWLIBIWI0D A3 | 1M AReIq 1 BUT[UO//SdNY) SUOHIPUOD pue SWB | 8y 88S *[£202/TT/20] Uo ARigiauluo AB|[IAN elisnyaueIyd0D AQ T#8EE0EMZZ02/620T 0T/I0p/uod A8 1m Ariqipuliuo'sgndnBe//sdny wouy pepeojumoq ‘0T ‘€202 ‘€L6.776T



. Yed
A\I Water Resources Research 10.1029/2022WR033841
= |ce melt
a) Cryospheric WB IS wemm D) = Snow melt
[mm w.e. mo™] -300-200-100 0 100200300 = Snowfall
. = E snow-ice
250 Mio. = Cryospheric WB
— 7000~ —
P + @
: =
(0]
6000- 2
E E 0 Mio.
{ ez
S 5000-
[0
o
i 4000- -250 Mio.
I‘.-. |> IO |C |-Q lh |h |> |C |— |c) IQ_ "5 > O c o a — >N c — D QO
S288¢2 2233 23 c288¢P=223323
2018/2019 2018/2019
c) Snowfall d) lcemelt TE———————
[mmw.e.mo '] 0 100 200 300 400 [mm w.e. mo™'] 0 25 50 75

Elevation [m a.s.l]

7000+

1]

6000 -

5000-

Elevation [m a.s

4000-

Snow melt

[mm w.e. mo 110

M

Oct ~

Nov

Dec

Jan

M.

ice

f) E snow-ice EEE—
100 200 [mm w.e. mo™'] 0 10 20 30 40

E

snow/ice

|-Q |h |h - » L - - LG < o & I-Q |E lh - . |— o s
2 2233 2 8 c 2885 22 &8 33 2 8
2018/2019 2018/2019

Figure 9. Spatio-(elevation bands) temporal (monthly averages) heatmap of the cryospheric water balance (WB = snowfall — snow melt — ice melt — snow/ice
evaporation) for the hydrological year 2018/2019 (a; mm w.e. mo~!), time series of cumulative water balance and individual components for the same period (b;
m? w.e.), and individual spatiotemporal heatmaps for snowfall (c), ice melt (d), snow melt (), and snow and ice sublimation (f), respectively (all in mm w.e. mo™").

importance of latent heat fluxes for the total water balance in the Langtang Valley. To our knowledge our study
is the first one in HMA that provides catchment-scale estimates of diverse vapor fluxes, enabling us to establish
their relative importance for the water balance of a Himalayan catchment. We estimated snow sublimation to
account for the equivalent of 11% of snowfall, 17% of snowmelt, and 77% of ice melt, respectively, at the annual
and catchment scale (Table 1).

Point observations from the Langtang (Stigter et al., 2018; 5,350 m.a.s.l.) and the Chhota Shigri catchments
(Mandal et al., 2022; 4,863 m.a.s.l.; Western Himalayas) showed that snow sublimation can account for
between 16% and 42% of the total winter snowfall at those given locations. At the scale of the entire Indus
basin, Gascoin (2021) estimated snow sublimation from remote sensing products to account for 11% of the
annual snowmelt. Here, we fill this clear scale gap between point and very large scale HMA estimates. Our
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simulations reinforce the findings of previous studies (e.g., Gascoin, 2021; Mandal et al., 2022; Pradhananga
& Pomeroy, 2022; Sherpa et al., 2023; Stigter et al., 2018) that understanding the processes of evaporation and
sublimation from frozen surfaces is crucial in glacierized, high-elevation catchments, as snow and ice melt alone
do not provide the entire picture of the cryosphere-related water fluxes (Figure 9).

Whereas evaporation and sublimation from snow overall dominates and makes up almost half (49%; Figure 8f)
of the total ET flux at the catchment scale in 2019, transpiration and interception from vegetation accounts for
>11% of total ET, as only one quarter of the basin area is vegetated (mostly grassland) and the most productive
vegetation types (larch and shrub) cover <1% of the catchment area. As the vegetation below the study basin
boundary at 3,600 m.a.s.l. further densifies with prevalent forests (Beug & Miehe, 1999) and as temperature rises
with decreasing elevation, it is expected that the relative importance of transpiration will increase downvalley.

Flux tower measurements at high elevations are very rare and estimates of ET fluxes are thus difficult to validate
directly. ET modeled with 7&C has been validated with flux tower measurements at alpine sites in the European
Alps in Switzerland (Davos, 1,639 m.a.s.l.) and Italy (Lavarone, 1,139 m.a.s.1.; Monte Bondone, 1,550 m.a.s.l.;
Renon 1,730 m.a.s.l.; Torgnon, 2,160 m.a.s.l.), as well as two sites in the interior western USA (Reynolds
Creek, Idaho, ~2,100 m.a.s.l.) over different vegetation types with satisfying results (Botter et al., 2021; Fatichi
et al., 2012a; Mastrotheodoros et al., 2020). For instance, Reba et al. (2012) reported 42 and 17 mm a~! (period
2004-2006) of snow sublimation at the two sites in the Reynolds Creek watershed, that were previously modeled
by T&C (54 and 8 mm a~!, period 1983-2008; Fatichi et al., 2012a). Here, we simulated October to November
sublimation rates of 0.96 and 1.45 mm d~' for the years 2017 and 2018, respectively, at the AWS Yala Glacier site
(5,350 m.a.s.1.) which is in agreement with flux tower measurements during postmonsoon at the same location
ranging between 1 and 1.5 mm d~' (15 October-17 November 2016; Stigter et al., 2018). Direct ET measure-
ments from flux towers and lysimeters at similar elevations on the Tibetan Plateau (ca. 750 km north, between
3,500 and 5,000 m.a.s.l.) find rates between 1 and 3 mm d~!, during the summer months (Chang et al., 2017,
Wang et al., 2020). For the 7,000-m elevation band in the Langtang catchment, we simulated October to Novem-
ber sublimation rates of 0.8 and 1.0 mm d~! for the years 2017 and 2018, respectively, which is similar to the
results of Sherpa et al. (2023) who estimated 1.1 mm d~! on average for the period October—November in 2019
and 2020 based on station data from Everest's South Col at 7,945 m.a.s.l. Overall, despite recognized uncertain-
ties, multiple sources of evidence suggest that simulated evaporation and sublimation fluxes are realistic.

Several satellite products provide ET estimates of high spatial resolution over HMA (e.g., Chen et al., 2014;
Fisher et al., 2020; Jung et al., 2019; Martens et al., 2017; Mu et al., 2011; Yuan et al., 2021; Zhang et al., 2019).
However, satellite-borne calculations or estimates of ET based on thermal imagery usually do not distinguish
between land surfaces with snow and ice cover (sublimation) and those without, and hence fail to capture the
spatial patterns of E7 in mountainous regions, despite a relatively high spatial resolution (e.g., MODI6 or
PML-V2; 500 m spatial resolution; He et al., 2022). In addition, spatiotemporally continuous time series of ET
are almost impossible in some regions, as clouds frequently inhibit thermal sensing of the Earth's surface from
space, e.g., in HMA (Zhao et al., 2005). We compared T& C-simulated monthly catchment averages of total ET
for the hydrological year 2018/2019 to the ET derived from reanalysis (ERA5-Land; ~9-km spatial resolution;
Muiioz-Sabater, 2019) and satellite data (GLEAM v3.7b; ~25-km spatial resolution; Martens et al., 2017) and
found agreement of the T&C estimates (spatially averaged over 35,000 cells) with those of ERA5-Land (4 cells),
but disagreement with GLEAM v3.7b (1 cell) both in terms of seasonality and annual sums (Figure S25 in
Supporting Information S1). The comparison shows that our mechanistically derived estimates of ET are in the
right order of magnitude at the catchment scale. However, despite the agreement with the reanalysis estimate we
believe that the spatial resolution of reanalysis and satellite products (providing spatiotemporally continuous ET
products) or nonmechanistic models cannot quantify the latent heat fluxes that originate from a variety of spati-
otemporally variable land surfaces in complex mountain terrain (e.g., Rouholahnejad Freund & Kirchner, 2017).
Most importantly, reanalysis could never be used for simulating future scenarios.

5.2. Influence of Catchment Hypsometry on the Water Balance

The total amounts of snow melt, ice melt, and ET in the central altitudinal zone (5,000-5,500 m.a.s.l.) are the
determinants of the annual catchment water balance (Figures 8b and 8c). The hypsometry of the catchment
(Figure 1b) determines the relevance of this midsection for the hydrological budget, as the high relative share
of (planimetric) surface area in that zone (hypsometric peak area) means that this zone can accumulate high
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amounts of precipitation. In addition, environmental (temperature) and topographical (slope) conditions in this
central zone of the catchment allow for the presence of glacier ice and a transient snow cover, which can melt or
be vaporized.

A basin with different geomorphologic properties can be expected to produce a considerably different water
partitioning (e.g., Vivoni et al., 2008). For example, a catchment with large area in a lower altitudinal zone (e.g.,
~4,500 m.a.s.1.) would be characterized by a smaller snow-covered area and a higher share of soils and vegetation
at the cost of glacier ice and rock surface, and thus a lower overall importance of snowmelt and a higher impact
of rain (primarily temperature dependent) and transpiration (primarily land cover dependent) could be expected.
The distribution of glaciers in the catchment is also crucial for its water balance. Notably, the presence of suprag-
lacial debris has a strong effect on the elevational distribution of ice melt, as it shifts the peak melt rates toward
higher elevations and allows the survival of glacier ice below the termini of clean-ice glaciers, due to its enhanced
insulation (e.g., Rowan et al., 2015). The catchment hypsometry is also crucial to modulate the effect of a warm-
ing climate on catchment water balance and fluxes partition: a future rise in temperature, accompanied by higher
snow lines and reduced snow-covered areas will shift the peak rates of snowmelt and vapor fluxes from snow
toward higher elevations and therefore above the hypsometric peak area of the catchment, decreasing the impor-
tance of these mass fluxes for the catchment water balance. Larger sections of the catchment will experience
rain, and the subdebris and clean-ice glacier melt will likely accelerate. With retreating and disappearing glaciers
tongues, evaporation from bare soil and potentially vegetation will increase. However, it remains unclear if total
ET would increase or decrease in such a scenario and by how much. Land surface modeling studies in catchments
with distinct hypsometry and glacier distribution and into the future thus seem important to unravel the complex-
ity of fluxes partition in high-elevation catchments and provide a full picture on the water cycle of HMA.

5.3. Representativeness of the Results

This study focuses on the 2019 hydrological year. To test how representative the water balance partition is, we
place the 2019 catchment climatology into the context of its long-term climatology using ERAS5-Land reanalysis
data (Mufioz-Sabater et al., 2021). In 2019, higher than normal winter snowfalls occurred in the central Nepalese
Himalayas, mostly determined by an extreme snowfall event in February 2019 (second highest ranked February
total precipitation for the period 1980-2020; Figure S21c in Supporting Information S1). Little precipitation
was recorded beforehand in the postmonsoon season (total precipitation of 3.8 mm w.e. for the period October—
December 2018; Table 1), marking a dry start for the 2019 hydrological year. In addition, 2019 was a rather
cold year (ranked seventh coldest mean annual air temperature from 1980 to 2020; Figure S21 in Supporting
Information S1). Overall, 2019 was a year with high winter precipitation amounts and relatively cold average air
temperatures, leading to overall lower ice melt volumes.

Due to the higher-than-average snowfall amount in February 2019, ice melt rates were suppressed in the glacier
ablation zone in premonsoon 2019. More average winter snow conditions would likely decrease snowmelt totals
and raise the annual ice melt amount. Warmer air temperatures would decrease snowfall and increase ice melt
rates. Reduced snowfall generally lowers ET totals (due to less sublimation from snow), too, but the effect is less
pronounced as a reduced availability of snow (in terms of area and depth) leads to decreased vapor fluxes from
snow, but increases the potential for vapor fluxes from ice in glacierized zones and generally evapotranspirative
mass fluxes from soil and vegetation further downvalley.

A number of hydrological modeling studies exist for other years in the upper Langtang Valley (e.g., Braun
et al., 1993; Fukushima, 1991; Konz et al., 2007; Ragettli et al., 2015). We obtain differences in the amounts of
snowfall, snowmelt, and runoff for different years (Table S6 in Supporting Information S1). The ratio of ice melt
to snowmelt was simulated to be 0.22 in 2019 but 0.65 in 2013 (Table S6 in Supporting Information S1). These
differences may be explained by the exceptional snowfall events in winter and monsoon 2019, which provided
a considerably higher amount of snow to potentially melt and also contributed to higher runoff compared to the
2013 estimates.

An extended simulation period (>decade) would account for the interannual variability in meteorological forcing
and allow to understand a more average hydrological behavior of the study catchment (e.g., Giinther et al., 2019),
but is currently hindered by the meteorological forcing and computational costs of our modeling approach (see
section below).

BURIET AL.

22 of 30

85U8217 SUOWILLIOD aAIIeaID 3|qedi|dde auy Aq pausenob ale sajoie YO ‘ash JO SanJ 4oy Arlg i auluQ AS|1/M UO (SUONIPUOD-PUe-SWLIBIWI0D A3 | 1M AReIq 1 BUT[UO//SdNY) SUOHIPUOD pue SWB | 8y 88S *[£202/TT/20] Uo ARigiauluo AB|[IAN elisnyaueIyd0D AQ T#8EE0EMZZ02/620T 0T/I0p/uod A8 1m Ariqipuliuo'sgndnBe//sdny wouy pepeojumoq ‘0T ‘€202 ‘€L6.776T



A7oN |
MN\\JI
ADVANCING EARTH
AND SPACE SCIENCES

Water Resources Research 10.1029/2022WR033841

5.4. Reflections on the Modeling Approach and Future Challenges

We apply a latest-generation land surface model for catchment-scale hydrology at very high spatial resolution. In
combination with a meteorological forcing scheme based on multiple in situ stations our model approach strives
to ensure internal model consistency and minimize error compensation and equifinality issues (i.e., multiple
parameter sets that result in the same “good” performance; e.g., van Tiel et al., 2020), since there is, apart from
the adjustment of the elevation above which the precipitation is assumed to be constant, no calibration involved
in our study.

However, the mechanistic structure of 7&C with high spatiotemporal detail is a disadvantage in terms of compu-
tational costs, which constrains the spatial and temporal range of the model application and disables long-term
simulations for large regions.

Although bulk catchment water balance components can be estimated with conceptual or physically lumped
modeling approaches, it is the insight into processes and the detailed water balance partition in the spatiotemporal
domain that a process-oriented model like 7&C provides.

The estimates of evapotranspirative fluxes exemplifies this: the catchment-scale total ET (286 mm w.e.; Table 1)
simulated in our study for 2019 (wet and cold, based on ERAS-Land climatology 1980-2020; Figure S21 in
Supporting Information S1) (286 mm w.e.; Table 1) is comparable to the amount estimated for 2013 (wet and
cold; Figure S21 in Supporting Information S1) by Ragettli et al. (2015) using the TOPKAPI-ETH model
(228 mm w.e.; Table S6 in Supporting Information S1) and for 1986 (dry and cold; Figure S21 in Support-
ing Information S1) by Braun et al. (1993) using the HBV3-ETH model (255 mm w.e.; Table S6 in Support-
ing Information S1). However, those two studies based on either fully conceptual (HBV3-ETH) or simplified
process-oriented models (TOPKAPI-ETH), did not include sublimation, so that those estimates overestimate ET
from soil and vegetation to compensate for the lack of snow sublimation (whose amount we do not know). Hence,
catchment water balance estimates, and its single components, can be ill-interpreted and quantified through error
compensation or equifinality errors in conceptual and calibrated model approaches.

The physics-based model formulation of 7& C allows to quantify the processes governing an individual energy or
water balance component and enables the determination of which elevation (e.g., Figure 8) and in which subsea-
son (e.g., Figure 7) a particular component contributes to the catchment energy and mass budget. The distributed

29

information (“what,” “where,” and “when”) is not only essential to better constrain the hydrologic functioning of
high-elevation catchments, but also to define zones and processes in the catchment that require targeted observa-
tions. T&C's ability to reproduce evaporative fluxes has been tested in a number of studies for many land covers
and climates (e.g., Botter et al., 2021; Fatichi et al., 2012a; Mastrotheodoros et al., 2020). Because of the scarcity
of observations in this part of the world and at high elevations, the evapotranspirative fluxes in our simulations
can only be compared to selected point-scale measurements and otherwise needs to be assessed against proxy

variables (e.g., surface temperature, soil moisture; Figures 2 and 3).

We investigate within the same modeling framework the joint response of the hydrosphere-cryosphere and
biosphere of an HMA catchment. Land surface models have been extensively applied over lowlands and for large
domains regionally (e.g., Boone et al., 2009; Mastrotheodoros et al., 2020; Yoon et al., 2019) and globally (e.g.,
Li et al., 2022), but seldomly to understand the water cycle of high-elevation catchments. Their application to
high elevation, complex terrain dominated by snow and ice poses the challenge that the gridded representation
of specific meteorological forcing variables is uncertain. Studies on the spatial distribution of wind speed, rela-
tive humidity, cloud cover, and incoming shortwave radiation and precipitation would be beneficial to ongoing
research for integrated catchment modeling. Whereas vertical temperature lapse rates can be extrapolated toward
high altitudes with relative confidence due to a dense network of observations and a clear relationship with
elevation, direct measurements to constrain the spatial distribution of precipitation are rare and generally limited
to the lower zones of high-elevation catchments (Pritchard, 2021; Winiger et al., 2005). Representing horizontal
gradients in precipitation in such catchments would require reasonably high resolution reanalysis or atmospheric
simulations (e.g., Collier & Immerzeel, 2015) which remains a future step for this work.

In addition, accurate precipitation measurements have proven extremely difficult to achieve in windy environ-
ments (e.g., Liston & Sturm, 2004; Yang et al., 1998). Therefore, there is greater uncertainty in the precipitation
in the high elevations of the catchment because of a lack of measurements.
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Further, wind is likely higher at high-elevation and wind-exposed sites in complex terrain (e.g., Burlando
et al., 2007; as we assumed spatially uniform wind speed, based on the weather station located <4,000 m.a.s.1.),
and would therefore increase turbulent heat exchange and likely evaporation and sublimation rates especially
from snow and ice. Approaches to account for distributed wind in high mountain environments at the glacier
(Bonekamp et al., 2020; Sauter & Galos, 2016), catchment (Vionnet et al., 2014, 2021), and even watershed scale
(Peleg et al., 2017) have already been applied and could be considered for a better appraisal of the variability
of ET in space. Yet, the exact magnitudes of these variations in wind speeds over varying topography cannot be
precisely derived nor accurately evaluated. Therefore, there would still remain a degree of uncertainty as to the
“real” wind speeds at those mountain peaks are not known, an uncertainty which translates into the overall ET
calculation.

The knowledge gained from the additional observations described above would pave the way to improve land
surface modeling efforts in general, test our findings that vapor fluxes have an important role in catchment
hydrology in high-elevation environments, and to examine high-elevation precipitation gradients and distributed
precipitation amounts in more detail, ultimately reinforcing the need for mechanistic modeling approaches.

6. Conclusions

We applied a land surface model to gain insight into the detailed partitioning of the water balance in the
glacierized Langtang catchment at the subseasonal scale and across elevation bands. The use of a mechanistic,
hyper-resolution land surface model allows to shed light on blue-green water fluxes in a high-elevation environ-
ment, an emerging focus of research that has been to date neglected in the hydrological analysis of high-elevation,
glacierized catchments.

During the hydrological year beginning in 2018, it is evident that the turbulent latent heat flux is an important
control of the total water balance, as, in the analyzed period, it causes about the equivalent of 19% of all the
available precipitation or 159% of the water production from glacier melt in the basin to return directly to the
atmosphere. This water does not contribute to runoff and can in turn affect weather patterns at larger spatial scales
through enhanced moisture content in the atmosphere (e.g., de Kok et al., 2018). Partitioning ET, snow sublima-
tion is the dominant vapor flux (49% of total ET) at the catchment scale, accounting for 11% of snowfall, 17% of
snowmelt, and 77% of ice melt, respectively. Evapotranspirative fluxes are particularly important, relative to the
other mass fluxes, at both very high and very low elevations. Above 6,500 m.a.s.l., vaporization from snow and
ice surfaces is higher than melt. At these elevations, sublimation dictates the depletion of the cryospheric water
budget, which instead is snowmelt-dominated at lower elevations. Below 4,500 m.a.s.1., the loss of water through
the latent heat flux from soils (evaporation) and vegetation (transpiration) exceeds the input from snowmelt to
the water balance. The importance of ET increases toward lower elevations with denser vegetation, exceeding the
input from rain below 4,000 m.a.s.1., with ET from vegetation accounting for 42% of the total evapotranspirative
flux in this lowest elevational band. ET from vegetation is thus a nonnegligible portion of the water budget (11%
of total ET; with mostly grass vegetation, whereas shrub and larch account for <1% of the basin), and its impor-
tance will increase downstream when considering larger catchment sections or potentially in the future as snow
levels recede higher into the mountains.

We remark here that a proper accounting of green water fluxes should be part of catchment hydrology estimates.
If models do not consider evapotranspirative fluxes specifically, or derive them as a residual only, catchment
water balance estimates can be ill-interpreted and quantified, most likely through error compensations.

The high detail in process representation of our simulations allows us to attribute the relative importance of
specific processes. We also quantify two key processes, snow sublimation and ET from vegetation, which, in such
a catchment, eluded quantification to date.

The Langtang catchment has been extensively studied. Thanks to the efforts of numerous research groups, it has
been established as a rather unique monitoring site in HMA, and it has seen a progression of studies that have
provided substantial new knowledge on glacier and hydrology of HMA catchments. We have now added to that
progression a new step in knowledge, applying a land surface model to provide a revised picture of Langtang's
water fluxes and its complex interactions between land and atmosphere. In particular, we have provided for the
first time (to our knowledge) catchment-wide estimates of sublimation in HMA, and assessed the role of vegeta-
tion in water fluxes partition.
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(Birmensdorf, Switzerland). Topographical preprocessing steps were performed using Topotoolbox (Schwanghart
and Scherler, 2014) and the Upslope area functions (Eddins, 2022) with the software MATLAB version 2021b
(Mathworks, 2021). All postprocessing analysis was done using the R language and software (R Core Team, 2020;
RStudio Team, 2022).
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