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From global glacier modeling to
catchment hydrology: bridging

the gap with the WaSiM-OGGM
coupling scheme
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Germany, 2Swedish Meteorological and Hydrological Institute, Norrképing, Sweden, *Institute of
Ecology and Landscape, Weihenstephan-Triesdorf University of Applied Sciences, Freising, Germany

Coupled glacio-hydrological models have recently become a valuable method
for predicting the hydrological response of catchments in mountainous regions
under a changing climate. While hydrological models focus mostly on processes
of the non-glacierized part of the catchment with a relatively simple glacier
representation, the latest generation of standalone (global) glacier models tend
to describe glacier processes more accurately by using new global datasets and
explicitly modeling ice-flow dynamics. Yet, to the authors’ knowledge, existing
catchment-scale coupled glacio-hydrological models either do not include these
most recent advances in glacier modeling or are simply not available to other
users. By making use of the capabilities of the free, distributed, physically-based
Water Flow and Balance Simulation Model (WaSiM) and the Open Global Glacier
Model (OGGM), a coupling scheme is developed to bridge the gap between
global glacier representation and local catchment hydrology. The WaSiM-OGGM
coupling scheme is used to further assess the impacts under future climates
on the glaciological and hydrological processes in the Gepatschalm catchment
(Austria), by considering a combination of three climate projections under the
Representative Concentration Pathways (RCP) 2.6, 4.5, and 8.5. Additionally,
the results are compared to the original WaSiM model with the integrated
Volume-Area (VA) scaling approach for modeling glaciers. Although both models
(WaSiM with VA scaling and WaSiM-OGGM coupling scheme) perform very similar
during the historical simulations (1971-2010), large discrepancies arise when
looking into the future (2011-2100). In terms of runoff, the VA scaling model
suggests a reduction of the mean monthly peak between 10-19%, whereas a
reduction of 26-41% is computed by the coupling scheme. Similarly, results
suggest that glaciers will continuously retreat until 2100. By the end of the century,
between 20-43% of the 2010 glacier area will remain according to the VA scaling
model, but only 1-23% is expected to remain with the coupling scheme. The
results from the WaSiM-OGGM coupling scheme raises awareness of including
more sophisticated glacier evolution models when performing hydrological
simulations at the catchment scale in the future. As the WaSiM-OGGM coupling
scheme is released as open-source software, it is accessible to any interested
modeler with limited or even no glacier knowledge.
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1 Introduction

In high mountainous regions, which are characterized by
large precipitation sums and low temperatures, glaciers play a
fundamental role. They act as huge reservoirs of fresh water
and are therefore a crucial component in the water balance
cycle (Meier, 1969; Ersi et al., 2009). During winter, water is
stored and subsequently released during warmer months when
ice and snow melt, contributing to the generation of runoff.
Even small glacierized headwaters within larger river basins
can significantly contribute to runoff downstream, and therefore
impact the reliability of water supply (Huss, 2011). This effect is
particularly noticeable in water-stressed regions. This is because
the largest contribution of meltwater occurs in summer, when
groundwater contribution, and in some regions precipitation, are
often at their lowest (e.g., Cochand et al., 2019; Schaffer et al., 2019).
In a warming climate, glacier contribution to runoff will change.
Accelerating melt rates will lead to a decrease in glacier volume and
increased runoff, causing the peak discharge to shift to spring or
early summer (Koboltschnig and Schoner, 2011; Marzeion et al.,
2012; Hanzer et al., 2018). The contribution of glacier melt to the
runoff will gradually decline over a prolonged period due to the
reduction in glacier volume (Huss et al., 2008; Naz et al., 2014),
as is expected for the European Alps, for example. Here, strong
warming conditions could result in a reduction of around 90% of
the current glacier volume by the end of the century (Zekollari
et al., 2019). Similar losses are expected to occur in water-scarce
regions, for example in Himalayan basins (Wood et al., 2020; Dixit
et al., 2021). The implications in these regions could be extremely
serious, as glaciers are a reliable source of domestic water supply for
many communities.

To better understand and predict the evolution of glaciers
and their contribution to runoff in mountain hydrology, glacio-
hydrological models are a powerful tool. They combine catchment
hydrology and glacier modeling to offer a comprehensive
representation of all the processes involved (Stoll et al., 2020;
van Tiel et al, 2020). However, modeling glaciers remains a
challenging issue, especially due to scarce long-term glaciological
measurements (i.e., mass balances, Naz et al., 2014). Moreover,
numerous models rely on empirical methods to estimate glacier
evolution, such as the Volume-Area (VA) scaling approach (Bahr
et al,, 1997, 2015) or the Ah method (Huss et al., 2010). Although
the first method can provide reliable estimates of glacier volume
(e.g., Radi¢ et al, 2007; Kormann et al., 2016), and the second
can accurately attribute the effect of changes in glacier geometry
to runoff trends (e.g, Duethmann et al, 2015), an explicit
representation of the ice-flow dynamics is missing.

In this context, great progress has been made in coupling
standalone glacier models to hydrological models, with the aim of
improving the representation of glaciers and their contribution to
runoff. For example, Stoll et al. (2020) applied two independent
glacio-hydrological models, HQsim-GEM and AMUNDSEN, and
compared future changes in the glaciology and hydrology of an
Austrian catchment. While HQsim-GEM is a combination of the
hydrological model HQsim and the glacier evolution model GEM,
AMUNDSEN is a hydroclimatological model that implements
the Ah method for modeling glacier geometries. In addition,
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AMUNDSEN, which was originally developed by Strasser et al.
(2008), was successfully used to assess future climate change
impacts on the hydrology of the Otztal Alps (Hanzer et al., 2016,
2018). Other examples can be found in Stahl et al. (2008) and
Naz et al. (2014). In the first study, a semi-distributed conceptual
hydrological model HBV-EC model was coupled to a glacier
response model, in which glacier evolution is considered through
the VA scaling approach. In the second study, the authors coupled
the hydrological soil-vegetation model DHSVM to the Glacier
Dynamics Model GDM to predict the future effect of glacier
recession on streamflow in a Canadian catchment.

While it is widely acknowledged that glacier retreat and
subsequent mass loss on a global scale play a significant role in
both sea-level-rise and regional runoff, it is only in recent years
that extensive research has been conducted on the subject of
global glacier studies (Radi¢ and Hock, 2014; Huss and Hock,
2015). The available global Randolph Glacier Inventory (RGI, RGI
Consortium, 2017) together with glacier mass changes observations
(e.g., Zemp et al,, 2019; Hugonnet et al., 2021) around the globe,
have been proving to be a valuable resource in taking global
glacier modeling a step further. These achievements can clearly
be seen through some state-of-the-art models, such as the Global
Glacier Evolution Model (GloGEM, Huss and Hock, 2015), the
Open Global Glacier Model (OGGM, Maussion et al.,, 2019),
and the Python Glacier Evolution Model (PyGEM, Rounce et al.,
2020). In the field of hydrology, Wiersma et al. (2022) already
exploited the capabilities of the GloGEM model by coupling it to the
PCR-GLOBWB 2 global hydrological model. In their study, they
highlight the added value of using a global glacier model for better
representing glacier evolution and hence the runoff predictions in
highly glacierized catchments. Yet, the coupling scheme developed
focuses on large-scale basins. Besides, the glacier model still relies
on the empirical Ah method and is only available upon request.
Another example can be found in Khadka et al. (2020), where the
Open Global Glacier Model (OGGM) is integrated into the Glacio-
hydrological Degree-Day Model (GDM). The coupled model is
then used to predict the future response of a Himalayan catchment
until 2100. However, the independent models are not driven with
exactly the same input climate data.

Although more coupled glacio-hydrological models have
become available recently, not all are freely accessible to the
user. Furthermore, most models still rely on empirical routines
to estimate glacier evolution, thereby missing the explicit ice-flow
dynamics that can be supplied by most global models. In order to
bridge the gap between glacier representation and the hydrological
response of a catchment, we developed a coupling scheme in
which we combined a distributed, process-based hydrological
model with a global glacier model for the Gepatschalm catchment
in Austria. To achieve our purpose, we used OGGM (Maussion
et al,, 2019) to produce annual glacier outputs based on explicit
ice-flow dynamics and subsequently coupled it to the Water
Flow and Balance Simulation Model (WaSiM, Schulla, 1997).
Since WaSiM represents non-glacier (and even glacier) processes
with notable success (e.g., Verbunt et al., 2003; Kormann et al,
2016; Thornton et al., 2021), we rely on WaSiM for simulating
non-glacier processes (e.g., evapotranspiration) and replace the
integrated VA scaling approach by OGGM’s outputs. Compared
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to Khadka et al. (2020), the WaSiM-OGGM coupling scheme
shows more consistency in terms of feedback between independent
models, as both WaSiM and OGGM are driven with the same input
climate dataset. Furthermore, it extends the common procedure
of only transferring one output variable from one model to the
other (e.g., glacier areas only, as suggested by Khadka et al., 2020
and Stoll et al., 2020, or glacier runoff only, like Wiersma et al.,
2022 did), since the feedback between models includes glacier areas,
ice thickness distributions, and glacier mass balances. Additionally,
we applied the coupling scheme to predict the glacio-hydrological
response of the catchment under future climate conditions and
compared the results to the VA scaling approach. This WaSiM-
OGGM coupling scheme may serve as an open-source tool for
improving runoff predictions in high mountainous catchments and
for policy making in water resources management.

2 Materials and methods
2.1 Study area and data

The Gepatschalm area is located in the Kaunertal region, in
the Otztal Alps (Austria), and covers a total surface of 57.5km?.
Figure 1A shows the location of the study area within Austria and
Figure 1B the topography, where elevations of around 1,880 m
a.s.l. can be found near the gauging station and elevations up to
~3,500 m a.s.l. can be found in the southern boundaries, near the
glaciers. Moreover, the observed glaciers outlines for 1969 (Patzelt,
2013) and 2015 (Buckel and Otto, 2018) are included in the figure,
showing a clear reduction in glacierized area in recent decades. In
1969, 47% of the study area was covered by glaciers, and by 2015
this reduced to 36%. The climate in the region is mostly warm and
dry (Hanzer et al., 2018), where the mean annual total precipitation
recorded by two nearby stations (2,640 and 1915 m a.s.1.) was 700
mm for the period 1990-1997. The mean annual temperature for
the same period was —1.2 °C.

2.1.1 Climate data

Within and around the study area (up to ~30 km away) more
than 50 stations have been measuring hourly and daily values of
precipitation (P), temperature (T), relative humidity (RH), wind
speed (WS), and global radiation (GR). However, only a few
stations cover all variables and for a period long enough for the
simulations. To apply the WaSiM-OGGM coupling scheme, all
variables need to be known for each model grid cell. This can be
achieved using analysis or re-analysis datasets with high spatio-
temporal resolution. For example, the Austrian Meteorological
Service (Zentralanstalt fiir Meteorologie und Geodynamik, ZAMG)
offers a multivariable analysis and nowcasting system, Integrated
Nowcasting through Comprehensive Analysis system (INCA,
Haiden et al., 2011), in which numerical weather predictors are
combined with real-time observations (station and radar data)
and high-resolution topographic data to produce gridded datasets
of variables (e.g., P, T, RH, WS, GR). The INCA dataset has
been successfully used in the past for hydrological modeling (e.g.,
Schober et al., 2010; Forster et al., 2018) and this is used here as a
climate input. The spatial resolution of this dataset is 1 x 1 km,
whereas the variables are provided with a 1-h time step (except
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FIGURE 1

(A) Location of study area within Austria, (B) topography, glacier
outlines for the years 1969 and 2015 (Patzelt, 2013; Buckel and
Otto, 2018) and location of the gauging station with available runoff
measurements.

precipitation, which is available at a 15-min resolution). Because
the period covered by INCA spans from 2003 to 2019, an analogous
downscaling method is adopted to extend the dataset into the past
(back to the year 1969). To this end, a KNN (k-Nearest Neighbor,
Lall and Sharma, 1996; Winter et al., 2019) re-sampling method
is applied. The period 1969-2003 is reconstructed by resampling
(with replacement) from nearest neighbors (NN). The new time
series is created while preserving statistical properties of the known
time series, such as monthly mean temperatures or monthly
precipitation sums. NN refers to the days for which the station
data from 2003-2019 are closest, with respect to temperature and
precipitation patterns, to days within the same month in the kNN-
time series (1969-2003). The NN with, for example, the smallest
Euclidean distance is subsequently selected as the match-day.

2.1.2 Future projections

To predict the catchment’s response and evaluate the
performance of the models under future climate projections, high-
resolution regional climate model data provided by the EURO-
CORDEX initiative (Jacob et al, 2013) is used. The regional
climate model data has a horizontal resolution of 0.11 degrees and
three different climate model combinations were selected. These
are composed of three Global Climate Models (GCM) and three
Regional Climate Models (RCM) under different Representative
Concentration Pathways (RCP 2.6, 4.5, and 8.5), which are
summarized in Table 1. The reference period is taken from 01/1971
to 12/2000 and the data was bias adjusted following the MultI-scale
bias AdjuStment (MidAS) tool (v0.2.1.), developed by Berg et al.
(2022).
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2.1.3 Observed glaciological and hydrological
data

Daily measurements of runoft are available at the outlet of the
catchment (Figure 1), for the period 01/1985 to 12/2019 [Tiroler
Wasserkraft AG (TIWAG)]. Glacier outlines from the Austrian
Glacier Inventory are accessible for the years 1969, 1998, 2006,
and 2015 (Patzelt, 2013; Fischer et al., 2015; Buckel and Otto,
2018). Furthermore, two types of glacier mass balance datasets are
available: (a) average annual geodetic mass balance observations for
the period 2000-2020 on a per glacier basis (Hugonnet et al., 2021)
and (b) annual glacier mass balance observations at the tongue of
Gepatschferner at different elevation heights (from 2,175 to 2,875
m a.s.l.), for the period 2012-2020 (Stocker-Waldhuber, 2019).

2.1.4 Simulation period

The simulation period is split into two parts: (a) the historical
period, spanning from 1971 to 2010, and (b) the future period,
from 2011 to 2100 (Figure 2). For the historical period, the models
are calibrated against available observed data and INCA is used
as input climate data. The models are initialized in 1969, since
glacier outlines are available for that year. For the future period, the
calibrated models are then run for each of the climate projections.
Although the future simulations start in 2011, the historical
simulations are carried out until the year 2019. This is because that
glacier mass balance observations are available mostly only after
2010, thus the glacier model can only be calibrated for that period.
Note that the climate projection’s historical period ends in 2005
after which the RCPs start. Thus, the last 5 years of the historical
period in the hydrological simulations are affected by the RCPs.

TABLE 1 GCMs and RCMs considered for the prediction of the
catchment'’s response in the future.

GCM

ICHEC-EC-EARTH

RCM

SMHI-RCA4_vla

MPI-M-MPI-ESM-LR SMHI-RCA4_v1

MOHC-HadGEM2-ES KNMI-RACMO22E_v2

10.3389/frwa.2023.1296344

2.2 Water balance model including VA
scaling

The simulation of the water balance components of the
Gepatschalm catchment is performed with the Water Flow and
Balance Simulation Model WaSiM (Schulla, 1997, 2021). For this
study, the Richards version 10.06.04 (2021) for Windows is used.
Table 2 summarizes the main sub-processes considered within
WaSiM with their corresponding model or approach. In this study,
the main focus is given to the glacier model, which is described
in the following section. A detailed description of the remaining
sub-processes can be found in the model documentation (Schulla,
2021).

2.2.1 VA scaling approach

WaSiM simulates glacier evolution with the Volume-area
scaling approach, which is based on the physically validated but
still empirical relationship described by Equation (1) (Chen and
Ohmura, 1990; Bahr et al., 1997):

V=bxA (1)

TABLE 2 Summary of the main sub-processes included in WaSiM.

Sub-process Model/approach

Precipitation correction Based on threshold temperature and

wind speed

Interpolation of meteorological data | Bi-linear interpolation method

Radiation correction Based on the impacts of topography

Potential evapotranspiration Penman-Monteith

Real evapotranspiration Richards equation

Interception Bucket approach

Snow accumulation and melt Energy balance with snow redistribution

Glacier model Dynamic glacier model (VA scaling)

Unsaturated zone with Richards
equation

Soil model

Discharge routing Kinematic wave approach and single

linear storage

Historical period

Future period

2100

Simulation historical period
(OGGM and coupling scheme)

FIGURE 2

[}

— ) 0 O -
25 g g 3
- — - N ~
< ; I
Q1 1 [

B ' b —

Nt Optimization period Calibration MB
Y (0GGM)

E

Simulation period. Historical period from 1971 to 2010 and future period from 2011 to 2100. The models are initialized in 1969. The coupling scheme
is optimized during the period 1985 to 1998 and the mass balance model in OGGM is calibrated during the period 2000-2019.
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Where: V is the volume of the glacier (m km?), A is the area of
the glacier (km?), b is an empirical scaling factor that represents
the mean ice thickness (m) of a 1 km? glacier (default value = 28.5
m) and f is the scaling exponent (—) (default value = 1.36). The
default values adopted here correspond to the values suggested by
WaSiM, according to the relationship found by Chen and Ohmura
(1990) for 63 mountain Alpine glaciers. The VA scaling approach
essentially tries to express a volume (V) (L) by knowing the glacier
area (A) (L?). In order maintain consistent units, the units of
the scaling factor are usually (L3~%). However, in Equation (1),
b is used, since the scaling factor can be intuitively interpreted
as the glacier’s mean ice thickness per unit area (Grinsted, 2013).
To initialize the model, only the glacier area is required, hence
no information about the glacier thickness or volume is provided.
At the beginning of the simulation, WaSiM determines the initial
volume of the glacier based on the area and the VA scaling equation
(Equation 1). Thus, it is important to initialize the model in a year
with available glacier observations (in this case, the year 1969 is
selected). At the end of the first mass balance year (in the Northern
Hemisphere, the mass balance year spans from 1st October to 30th
September), the glacier’s mass balance is converted into a volume
by taking into account the ice density. Considering that V,;; is the
volume of the glacier at the beginning of the mass balance year and
Vauew is the newly calculated volume at the end of the first year of
the simulation, the latter can be expressed as:

MB,

W .
View = X iceyglye X cellsize (2)

old 1
Pice

Where: Vi, is the new calculated volume (m km?), V,;; is the
initial volume of the glacier (m km?2), MByey is the new mass
balance rate of the glacier at the end of the mass balance year
(mm w.e.) or (kg m™?2) (Equation 3), pic is the ice density (kg
m™3), iceyup. is the number of cells identified as glacierized cells
and cellyi, is the size of the one model cell (km?) (here 100 x 100
m). The mass balance rate gives the change in the mass of a glacier
through accumulation (gained mass) and ablation (lost mass). The
accumulation is the result of solid precipitation and the internal
metamorphosis of snow to firn and then to ice. On the contrary,
the ablation refers to the melt rate of the glacier and is described
by a temperature-index model (T-index, with or without radiation,
Hock, 1999).

MByew = Polid
Gs
MF"_aice/ﬁm/snaw x Iy x T x (T — To) T > Ty
— s
0 T <Ty
(3)

Where: MBy,, is the mass balance rate (mm d~!) from
Equation (2), Pyyiq refers to the solid precipitation (and internal
metamorphosis from snow to ice), MF is the melt factor (mm °C~!
d™1), a are empirical coefficients (mm °C~! d=1!), Iy and I are the
potential direct incoming shortwave radiation at each grid cell and
at defined locations of meteorological stations, respectively (Wh
m~2), G, is the observed radiation at the same station (Wh m=2), T
is the air temperature (°C) and Ty is the threshold temperature for
melt (°C). Then, with the new volume (Equation 2), the new area
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of the glacier after the end of the mass balance year can be obtained
by means of Equation (4):

1

View \
Apew = (T) (4)

With the new glacier area A,,,,, WaSiM estimates the number
of cells that need to be added or subtracted (in case the mass balance
is positive or negative, respectively) based on an iterative process.
This process is done by dividing the glacier into elevation bands of
equal elevation differences (Schulla, 2021).

2.3 WaSiM-OGGM coupling scheme

Even though the VA scaling approach is widely used and has
demonstrated its efficacy in estimating glacier evolution (e.g., Radi¢
et al., 2007; Stahl et al., 2008), a representation of the explicit
ice-flow dynamics is still an open point. In this context, the
Open Global Glacier Model OGGM (Maussion et al., 2019) allows
modeling the evolution of glaciers by applying a depth-integrated
flowline model, in which the ice flux along each of the glaciers’
flowlines is computed. Thus, the main idea behind the coupling
scheme is to benefit from both models’ capabilities and complement
their strengths in order to overcome the main challenges that each
of them may present:

e WaSiM is a fully-distributed model, whereas OGGM is based
ona “1.5D" flowline geometry.

e Daily simulations can be performed with WaSiM, whereas
monthly to annual scales are considered in OGGM.

e While in WaSiM the glacier’s volume is unknown, OGGM can
offer the volume, areas and ice thickness along the flowlines
for each glacier.

e OGGM models the glacier’s evolution using explicit ice-flow
dynamics, whereas WaSiM is based on the empirical VA
scaling approach.

The main workflow of the coupling scheme consists of three
steps and is depicted in Figure 3. In this study, an “offline” coupling
between both models is performed. This means that the models are
run separately but the inputs are updated in accordance to the other
model’s outputs.

2.3.1 First WaSiM run with re-sampling of climate
data

To ensure a consistent exchange of variables between the
independent models, WaSiM and OGGM are driven with the same
climate data. In the first step of the coupling scheme, WaSiM runs
on a daily time step. First, precipitation values are corrected, for
example, due to wind undercatch (Hanzer et al., 2016). Second,
all climate variables (e.g., from the INCA dataset) are bi-linearly
interpolated to match the grid cell resolution of the model (from 1
to 0.01 km? in this case). Finally, as OGGM requires monthly input
data of temperature and precipitation, these two variables are re-
sampled at a monthly time step. Both monthly mean temperature
and monthly precipitation sum are calculated from daily timesteps.
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FIGURE 3

Detailed workflow of the coupling scheme with multi-criteria optimization.

Coupling scheme WaSiM-OGGM

At this stage, it is important to highlight that this WaSiM run
solely serves to prepare the driven climate data for later use by
OGGM. However, as this study additionally aims to investigate
the differences between the WaSiM-OGGM coupling scheme and
the original WaSiM model with VA scaling, the daily outputs (e.g.,
runoff) are stored and analyzed later in the results section.

2.3.2 OGGM run and processing of glacier
outputs

During this step, a dynamic run is carried out in OGGM,
using the climate data which was processed and re-sampled to
monthly values by WaSiM. By default, OGGM uses the Randolph
Glacier Inventory (RGI RGI Consortium, 2017) as initial outlines
for the glaciers, which for this case correspond to the year 2003.
Since the simulations are conducted from 1969 onwards, the model
requires a dynamic spin-up for initialization. During this spin-up,
the model tries to find a past glacier state whose area matches that
of the glacier outline date by adjusting a temperature bias. The
mass balance components are determined by a temperature-index
method (Equation 5, Maussion et al., 2023) similar to WaSiM but
calibrated on geodetic mass balance observations:

Bi(z) = P (2) — dy x max(Ti(z) — Tyneir> 0) (5)

Where: B;(z) is the monthly mass balance rate at elevation z
(mm w.e. month™1), Pf-"lid(z) is the monthly solid precipitation at
elevation z (mm month™!), Tj(z) is the monthly temperature at
elevation z (°C), Ty, is the temperature threshold at which melt
occurs (°C), and dy indicates the temperature sensitivity of the
glacier (mm month™! °C™1).
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The calibration is carried out based on the average annual
geodetic mass balance observations for the period 01/2000 to
01/2020 (Hugonnet et al., 2021), in which three parameters (melt
factor, temperature bias, and precipitation factor) are adjusted on
a per glacier basis. Moreover, to limit the number of calibrated
parameters, mass balance observations at Gepatschferner glacier
tongue are used as an additional dataset. This prevents an
overparameterization of the model, and enables a comprehension
of the interannual variability of the mass balance components.
Such a model evaluation cannot be achieved solely by comparing
the model performance against the average delta in geodetic mass
balance observations.

OGGM determines the ice thickness of the glacier based on
a flowline model (Maussion et al., 2019, 2023). This means that
the ice flows solely along the flowlines, for which the cross-section
or bed-shape is defined. As a result, a “1.5D” geometry of the
glacier is obtained. This is, however, not sufficient for integrating
OGGM’s output into WaSiM’s simulations, since WaSiM is a fully-
distributed model with a 2D computational domain. For this
reason, a conversion of the flowline model with “1.5D” geometry
into a grid (2D geometry) containing the glacier’s outline is carried
out. This process is merely based on a geometric approximation
whereby the outer points that define the widths of the cross-sections
along the flowlines are connected to delineate a plausible glacier
outline. The procedure is exemplified in Supplementary Figure S1.
Furthermore, an approximation of the ice thickness distribution
throughout each glacier and for each year is computed. This allows
not only the areas of OGGM to be integrated, but also the glacier
volumes, so that explicit representation of the ice dynamics occurs
within the coupling scheme. This spatially explicit volume transfer
extends the HQsim-GEM approach proposed by Stoll et al. (2020),
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which has been constructed using only an area feedback between
glacier evolution and the hydrological model.

2.3.3 Final WaSiM run: coupling scheme

During the last step of the coupling scheme, the outputs
generated from OGGM serve as input when re-running WaSiM.
In this step, WaSiM’s simulations are still carried out with a daily
resolution but the glacier input grids (areas and volumes) are
updated on an annual basis. This annual update scheme is justified
for several reasons. First, it adheres to the VA scaling approach, as
the new glacier volume is estimated at the end of the mass balance
year. Second, an annual update of glacier states is a common
procedure in comparable studies (e.g., Stoll et al., 2020). Third, the
prediction of glacier evolution generally relies on seasonal (e.g., 6-
month) to multi-annual scales (e.g., Chiarle et al., 2020), mainly
associated with the rather slow glacier’s movement, which might
only be visible after a year (or several years).

Still, both models calculate the glacier mass balance rates
separately, requiring a direct correspondence between them to
ensure the proper transfer of the glacier’s dynamics from OGGM
to WaSiM. In this sense, one obvious solution might be the
direct integration of OGGM mass balances into WaSiM, hence
substituting the daily mass balance values calculated by WaSiM.
However, this cannot be easily achieved and a modification of
the model’s source code is required. In some cases, the codes are
not readily available for the user, or even if they are, a code’s
modification might work for the current WaSiM’s version, but
incompatibilities can be expected if another updated version is
selected. Besides, in this study, WaSiM is chosen as the hydrological
model, but the developed coupling might serve as a basis for
coupling OGGM with any other similar model. Moreover, the
potential of getting daily mass balance values would be unexploited
and this is one of the main capabilities of WaSiM and a primary
reason for selecting this model. Consequently, another solution
consists of using the glacier mass balance rates calculated by
OGGM as a constraint when re-running WaSiM. This is introduced
through a multi-criteria optimization approach, in which the
most sensitive parameters in WaSiM are automatically adjusted
by minimizing the differences between OGGM (assumed to be
‘observed’ in this case) and WaSiM (simulated) mass balances rates.
To achieve this, the Statistical Parameter Optimization Tool for
Python (SPOTPY, Houska et al.,, 2015) in combination with the
Shuffled Complex Evolution algorithm - University of Arizona
(SCE-UA, Duan et al,, 1994) is used. Since the parameters of
the hydrological model need to be calibrated in any case, it is
performed only once during the third step of the coupling scheme,
thus ensuring the consistency between both independent models as
one component of the objective function.

Furthermore, comparisons are made between observed and
simulated runoff at the catchment outlet. As a result, the multi-
objective function is represented by Equation (6):

OF = W1-(I—KGEQ)+W2-(1—BEQ)+W3-abS(BIASQ)+W4-RSRGMB

(6)
Where: KGE(, is the Kling-Gupta Efficiency (Gupta et al., 2009),
BE is the Benchmark Efficiency (Schaefli and Gupta, 2007) and
BIAS is the bias (according to Gupta et al., 1998), all of them
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calculated based on observed and simulated runoff. RSRgyp is
the Root Mean Squared Error standard deviation ratio between
observed and simulated glacier mass balances (Moriasi et al., 2007).
wy to wy are the weights used to assign the magnitude of the
contribution of each performance measure into the total objective
function. The sum of all weights is equal to 1 and similarly to
the study carried out by Tarasova et al. (2016), values of 0.23, 0.4,
0.07, and 0.3 for wy, wz, w3 and wy are adopted, respectively. wy,
wy and ws make the multi-objective function more sensitive to
runoff behavior, representing 70% of the total weight. On the other
hand, wy suggests that glacier mass balance represents a 30% of
the total weight in the multi-objective function. This value is in
the same order of magnitude to the contribution of ice melt to
the total runoff and similar to the value suggested by Tarasova
et al. (2016). As depicted in Figure 2, the optimization is carried
out for the period 1985-1998, being the model initialized in 1969.
Although the maximum number of iterations was set at 3,000, the
minimum objective function was found after only 1,218 iterations.
The SCE-UA algorithm was employed due to its popularity among
hydrological models (van Tiel et al, 2020), but it might be
computationally more expensive than other options. Nonetheless,
due to the high flexibility of SPOTPY, alternative algorithms and
objective functions may be considered. The coupling scheme aims
to be a versatile tool that can be tailored to meet the requirements
of any modeler.

3 Results and discussion

This section includes the simulation results after running the
models for the historical and future periods. The results are
presented and analyzed in terms of runoff, glacier mass balances
rates and changes in glacierization (volumes and areas). The focus
is given to the comparison between the results of the water balance
model with the integrated VA scaling approach (for simplification,
here named VA scaling) and the WaSiM-OGGM coupling scheme
(simply referred as the coupling scheme).

A brief discussion on the results of the coupling scheme
optimization is addressed first. As stated in Section 2.3.3, the
multi-objective function OF (Equation 6) consists of several
functions that may have varying magnitudes, causing challenges in
weight assignment. However, upon completion of the optimization
procedure, it becomes evident that all values fall within a similar
range. More specifically, the values of the involved objective
functions are shown by replacing the values in Equation (6):

OF = 0.23- (1 — 0.88) + 0.4 - (1 — 0.25) + 0.07 - abs(0.061)
+ 0.3-0.72 =0.55 7)

These findings underscore the general applicability of this user-
defined OF.

3.1 Runoff

3.1.1 Historical period
Figure 4 shows the simulation results during the historical
period (1971-2010). The simulated runoft is the result of the two
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Mean daily observed (black solid line, period 1985-2010) and simulated runoff (violet point line: WaSiM with VA scaling, brown dashed line:
WaSiM-OGGM coupling scheme) for the historical period (1971-2010) and corresponding performance measures.

different models: VA scaling and the coupling scheme. Moreover,
the figure includes the observed runoff and the performance
measures of each model (observed vs. simulated values). Since the
observed runoff is available only after 01/1985, the performance
measures refer to the period 01/1985 to 12/2010. In both models,
the simulated runoff is underestimated during spring/summer and
slightly overestimated during autumn. Since snow melt is the
primary contributor to runoff during spring, the underestimation
might be attributed to the snow model. In both cases, VA scaling
and coupling scheme, the melting from snow is described using an
energy balance approach that also considers gravitational slides and
wind redistribution. However, snow melt on glaciers is described
differently, following the T-index approach (similar to Equation 3).
Even though WaSiM offers the possibility to model snow melt on
glaciers using the same approaches selected within the snow model,
the simulation results showed more deficiencies and was therefore
not considered.! On the other hand, the overestimation of autumn
runoff could be due to glacier melt, as this is the main component
contributing to runoff during this season.

Essentially, both models show a very good performance in
simulating runoff, making it challenging to determine which model
is more suitable. However, the primary objective of this coupling
scheme is not to provide a more accurate representation of runoff,
but rather to offer a more robust and reliable model that could
potentially improve the simulation results in glacierized catchments

1 It is worth noting that this option does not exist for firn and ice melt.
These components can only be represented by the T-index method. In order
to warrant consistency between both mass balance computations in WaSiM
and in OGGM, all runoff components originating from glaciers are computed

using the T-index model in WaSiM likewise.
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in the future. For this reason, the future period is analyzed in the
following section.

3.1.2 Future period

Figure 5 shows the mean monthly runoff for the reference and
three different future periods (rows, from bottom to top): 1971-
2010, 2011-2040, 2041-2070, and 2071-2100. The diagrams on the
left are the results of the VA scaling model, whereas the diagrams
on the right indicate the results of the coupling scheme. In all
diagrams, the results are depicted as an ensemble mean of the
three GCM/RCMs combinations and for the three different RCPs
(blue for RCP2.6, green for RCP4.5 and red for RCP8.5), with their
corresponding spread. The simulated mean monthly runoff for the
historical period (1971-2010, black dashed line) is also included.

During the reference period (first row, 1971-2010), almost no
differences can be observed between simulation results. The models
behave similarly under the different RCPs and the results are close
to the historical simulations. Like the results shown in Figure 4, the
VA scaling model seems to slightly underestimate the peak runoff,
compared to the coupling scheme. For the near future (period
2011-2040, second row), both models behave similarly and there
are only small differences between simulation results under the
different RCPs. The mean monthly peak is slightly reduced and
remains in August for RCP8.5 for both models but is shifted to July
for RCP2.6 and 4.5. Moreover, there is an increase of the winter
flows, between September and December. This increase can also be
seen when analyzing the middle period 2041-2070 (third row). In
addition, for both models and for all RCPs, the mean monthly peak
already shifts to July, suggesting that the runoff of the catchment
changes from a glacial/glacionival to a nivo-glacial regime (Hanzer
et al, 2018). When comparing the results of both models, it is
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FIGURE 5

the simulated mean monthly runoff during the historical period.

Mean monthly runoff for the reference and three different future periods (rows, from bottom to top: 1971-2010, 2011-2040, 2041-2070,
2071-2100) and for the two models: (A) WaSiM with VA scaling integrated approach and (B) WaSiM-OGGM coupling scheme. The values represent
the ensemble mean of the three GCM/RCMs combinations and for RCP2.6 (blue), RCP4.5 (green), and RCP8.5 (red). The black dashed line indicates
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evident that the coupling scheme exhibits a stronger reduction of
the monthly peak, while the VA scaling model demonstrates higher
runoff values during spring, particularly for RCP8.5.

Comparable results are observed during the last period 2071-
2100 (upper row), where the mean monthly peak is reduced and
shifted to July. However, the coupling scheme results for RCP8.5
suggest that the peak could shift to June with a stronger reduction
in magnitude (44% peak reduction compared to the historical
period). Again, simulated winter runoff increases in both models,
most importantly for RCP8.5. In spring months, the VA scaling
model shows an increase in the monthly values relative to the
coupling scheme. The mean annual runoff for RCP8.5 during the
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latest period is 1,393 mm for the VA scaling and 1,108 mm for
the coupling scheme. This suggests that the simulated runoff from
the coupling scheme is ~20% lower than the results from the
VA scaling, so the increased spring values do not compensate the
strong reduction of runoff during summer. Similarly, the coupling
scheme yields values that are 8 and 14% lower for RCP2.6 and
RCP4.5, respectively.

In addition, Figure 6 shows the 30-year mean annual simulated
runoff for the same future periods (columns, left to right: 2011-
2040, 2041-2070, and 2071-2100). For each period, the figures
indicate the ensemble mean of the GCM/RCMs and are displayed
based on the RCPs. Each diagram also features the mean values
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Thirty-year mean annual runoff values as a result from both models, for different future periods: (A) 2011-2040, (B) 2041-2070 and (C) 2071-2100.
The values represent the ensemble mean of the three GCM/RCMs combinations, for RCP2.6 (blue), RCP4.5 (green), and RCP8.5 (red). The mean
annual historical values for the VA scaling and the coupling scheme are also included in the figure.
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from the historical period and both models. This figure shifts the
focus from the seasonal response of the catchment to the annual
totals. In this way, it is possible to infer whether the lower summer
values predicted by the coupling scheme might compensate the
higher spring values predicted by the VA scaling model, as seen in
Figure 5.

When analyzing the first period (2011-2040), results from each
individual model indicate minimal changes relative to the historical
period. These findings align with the seasonal response depicted
in Figure 5, where the VA scaling model also produces slightly
lower values. When looking at the second period (2041-2070),
although Figure 5 indicates that the peak in summer is reduced
in all scenarios and for both models, Figure 6 suggests that the
annual amount might increase with the VA scaling model for
RCP8.5. On the contrary, the mean annual values are reduced
within the coupling scheme for all scenarios, compared to the
historical period. Finally, for the third period (2071-2100), the
same behavior is expected as for the second period and VA scaling
model. Nevertheless, the coupling scheme produces noticeably
reduced mean annual runoff values, 26% lower values compared
to the historical period and for RCP8.5. In contrast, the VA scaling
results predict a potential increase of 2% in mean annual runoff for
the same RCP, compared to the historical period.

3.2 Glaciers

To better understand the relatively diverse response between
both models when simulating runoff under future climate
projections, glacier evolution is analyzed in detail in the
next sections.

3.2.1 Glacier mass balance

Figure 7 depicts the annual mass balance rates for all the
glaciers within the study area, simulated by both models (VA
scaling on the left and coupling scheme on the right) and as
a total average for the entire catchment. Glacier mass balance
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rates for the historical period are indicated in gray until 2011,
which denotes the beginning of the future projections. Future
projections are represented by the ensemble mean of the three
GCM/RCMs combinations together with their respective spread,
and for the different RCPs (blue for RCP2.6, green for RCP4.5 and
red for RCP8.5).

From Figure 7 it is clear that the models exhibit comparable
behavior throughout the historical period, with the VA scaling and
coupling scheme models yielding a mean annual mass balance rate
of —0.71 and —0.82 m w.e., respectively. For RCP2.6, the VA scaling
results indicate a significant rise in inter-annual variability. At the
end of the century, a total average cumulative mass loss of ~142
m w.e. is expected (this value is obtained through the integration
of annual mass balance values over time). On the other hand, the
results from the coupling scheme suggests that only 124 m w.e. will
be lost by 2100 (thus, the mass loss obtained from the VA scaling is
13% higher than from the coupling scheme). From the simulation
results under RCP4.5 and 8.5, higher losses are expected. The total
average mass loss at the end of the century under RCP4.5is ~214 m
w.e. for the VA scaling and 144 m w.e. for the coupling scheme. The
greatest difference between simulation results, however, is observed
under RCP8.5. In this case, according to the VA scaling, the study
area could potentially encounter an overall average mass loss of
almost 390 m w.e. by 2100, whereas the results from the coupling
scheme show almost half of that (198 m w.e.). This rather odd
behavior of the VA scaling under RCP8.5 might be attributed to the
very small glacierized areas that still prevail in the region at the end
of the century. Considering that the mass balance is the change in
mass per unit area, even a very small area might lead to huge mass
balance rate values.

3.2.2 Glacier volumes and areas

In Figure 8, simulated glacier areas are compared to the
observed outlines for the year 1998 (29 years after initialization of
the model). On the left, the results from the WaSiM simulations
with the integrated VA scaling approach are shown, whereas on
the right, the results from the coupling scheme with the areas
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line indicates the results during the historical period.
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FIGURE 7

Annual mass balance rates as a total average (mm w.e. yr'1): (A) WaSiM with VA scaling integrated approach and (B) WaSiM-OGGM coupling scheme.
The values represent the ensemble mean of the three GCM/RCMs combinations and for RCP2.6 (blue), RCP4.5 (green), and RCP8.5 (red). The gray
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Glacier areas: observed (orange) and simulated glacier areas (blue) for the year 1998. (A) WaSiM with VA scaling integrated approach and (B)

obtained from OGGM are presented. In both cases, the simulated
areas are represented by glacier coverage in each model cell. If a
model cell does not contain any glacier, then the value is 0%. On the
contrary, if a model cell is completely covered by glaciers, the value
reaches 100% and is represented by the dark blue color. Any value
between 0 and 100% is depicted with lighter blue colors, as shown
in the legend. Furthermore, the evaluation of the simulation results
in terms of glacier areas is summarized with two performance
measures. On the one hand, the Probability of Detection (POD)
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indicates the ability of the model to correctly predict glacierized
cells. On the other hand, the False Alarm Rate (FAR) indicates that
the model simulation identified glacierized cells where no glaciers
were observed. Both measures range between 0 and 1, 1 being the
optimum value for POD and 0 for FAR (Kormann et al., 2016).
While the simulation results from the VA scaling suggest that
the model more accurately represents glacier shapes (higher POD),
the coupling scheme is less prone to falsely simulate glacierized cells
(lower FAR). The generation of false glacierized areas with the VA
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scaling model might be attributed to the snow model, which enables
the re-distribution of snow and therefore the accumulation of it
in model cells throughout the years, which will finally lead to the
conversion of snow into firn and then into ice. An advantage of the
coupling scheme is that, since the glacier areas are updated every
year considering the ice-flow dynamics determined by OGGM,
unlikely (i.e., “numerical glaciers” Freudiger et al., 2017, which
are still viewed as challenging within glacio-hydrological models)
accumulation amounts of snow/firn/ice throughout the years are
avoided. However, the simulated areas from the coupling scheme
exhibit a few deficiencies, which are already evident in Figure 8.

First of all, since the conversion from OGGM’s flowline
model into a 2D glacier geometry is based on a geometric
approximation, the delineation of the glacier shape is not entirely
accurate. This is clear, for example, in the southern part of
Gepatschferner, where part of the glacier is excluded due to an
inaccurate connection of points. Second, the tongue of some
glaciers, including Gepatschferner, seem to be rather exaggerated.
This outcome is related to the dynamic spin-up of the glaciers
and the unknown geometry (or glacier state) considered during
the initialization of OGGM. During the dynamic spin-up, an initial
state of the glaciers is searched until the simulated areas match the
given observed values (i.e., from the RGI date). Therefore, glaciers
might grow in the past so that this initial state together with the
given historical climatic conditions lead to the presently known
geometries. The only drawback is that glaciers can only grow along
the flowlines because of OGGM'’s nature, which in the end results in
“longer" glacier tongues. Finally, OGGM is not capable of creating
glaciers prior to the RGI’s date. For this reason, it is not possible
to model glaciers that existed before the RGI's date and have since
melted completely or partially persist in the study area.

The evaluation of the models performances in terms of
glacierized volumes and areas under future climate conditions is
depicted in Figure 9. The upper row refers to the area of the glaciers,
whereas the lower row refers to the volume. The left diagrams
correspond to the results from the VA scaling model and the
right diagrams to the coupling scheme. The historical simulations
(1971-2010) are shown in gray. The ensemble mean of the future
simulations, which start in the year 2011, are shown for the different
RCPs, and the observed areas are indicated for the years 1969, 1998,
2006, and 2015 (red dots).

When looking at the evolution of the glacier areas throughout
the historical period, it becomes clear that both models behave quite
similarly. Even though the coupling scheme seems to underestimate
the areas in the past, both models reach a similar value by the end
of the period. In 2010, the total area simulated by the VA scaling
model is 19.9 km?2, whereas a value of 19.0 km? is obtained from
the coupling scheme. This similar behavior between models can
still be perceived until 2040 and for all RCPs, where results differ
by only 2% (glacier area of 14.0 and 14.3 km? for the VA scaling
and coupling scheme, respectively). After 2040, a greater deviation
in areas between models is expected. For example, under the VA
scaling, the total glacier coverage is expected to reach 8.6 km? by
the end of the century for RCP2.6. In contrast, this value is 4.3 km?
when considering the coupling scheme. That means that by the
year 2100, 77% of the glaciers will melt according to the coupling
scheme, but only 57% according to the VA scaling, compared to the
areas in 2010. For RCP4.5, the aforementioned values escalate to 93
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and 68% respectively, and they become extreme for RCP8.5, where
a total area loss of 99 and 80% is expected by the coupling scheme
and the VA scaling, respectively.

In terms of volumes, the discrepancies between model results
are much larger. On the one hand, the initial volume within
WaSiM simulations is determined directly and empirically with
the VA scaling equation (Equation 1), where only the glacier area
is known. On the other hand, the coupling scheme relies on the
volume determined by OGGM, which is based on the ice-flow
dynamics and depends on the ice thickness and bed shape of the
glacier. Moreover, the annual update of the glacier volumes is
performed differently in each model. In the case of WaSiM with VA
scaling, the same relation between volume and area is maintained
over the years, since the empirical factors affecting Equation (1)
remain unchanged. On the contrary, the feedback from OGGM is
integrated annually into the coupling scheme, hence, this relation
is updated each year and is based on modeled ice-flow dynamics.
At the beginning of the simulations, the VA scaling model predicts
a total volume of 4.5 km?, equivalent to a mean ice thickness of
nearly 80 m distributed throughout the total Gepatschalm area.
As for the coupling scheme, this value is 2.9 km® or 50 m of ice
thickness. The initial volume clearly affects the glacier’s evolution
in the future. With regard to the VA scaling, glacier volumes of 1.7,
1.3, and 0.8 km? are projected for RCP2.6, 4.5, and 8.5, respectively,
by 2100. These values are significantly more optimistic than those
predicted by the coupling scheme, where almost all glaciers would
have disappeared by the end of the century and under all RCPs
(0.19, 0.04, and 0.02 km? for RCP2.6, 4.5, and 8.5, respectively).

Finally, Figure 10 shows the spatially distributed glacier
coverage for the year 2070. The figure contains three main columns
that represent the different RCPs and that are divided according
to the model (VA scaling and coupling scheme). The rows refer to
the GCM/RCMs combinations. As a reference, the observed glacier
outlines corresponding to the year 1998 are included in the figure.
Similarly to Figure 8, the blue colors indicate the percentage of
glacierization in each model cell.

In all scenarios, it is clear that almost all small glaciers would
have disappeared by the year 2070, no matter which model is
used. Only Gepatschferner remains in the catchment, with the
smallest area given by RCP8.5. In this case, the results from the
coupling scheme (last column, sub-figures F; to F3) indicate that
Gepatschferner might even be divided into two parts. This division
aligns with the two main flowlines that prevail within the glacier,
from which the 2D geometry is constructed. The VA scaling results
also reveal a similar representation of the glacier. This outcome is
also evident in a neighboring glacier, the Hochjochferner, which has
already been divided into two parts according to the flowlines.

An additional remark can be made on the glacier results:
the higher negative mass balances obtained with the VA scaling
approach (Figure 7) may indicate a more rapid shrinkage of
glaciers (compared to the coupling scheme) and therefore a
stronger reaction to climate change. However, this behavior appears
rather contradictory since larger glacier areas are expected to
remain with the VA scaling by 2070 (Figure 10). This could be
explained by the higher initial volume estimated by the VA scaling
approach, suggesting that glaciers can store more water (in the
form of ice, firn, or snow) than the values obtained by the
coupling scheme.
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FIGURE 9
Glacier volumes and areas: (A) WaSiM with VA scaling integrated approach and (B) WaSiM-OGGM coupling scheme. The upper row indicates the
glacier areas, whereas the lower row the volumes. The values represent the ensemble mean of the three GCM/RCMs combinations and for RCP2.6
(blue), RCP4.5 (green), and RCP8.5 (red). The gray line indicates the results from the historical simulation and the red dots the observed areas
according to the RGI.

3.2.3 Comparisons with OGGM run under
ISIMIP3b

To have a deeper understanding about the discrepancies
between results on glacier evolution, additional OGGM runs
are performed with future climate data from Inter-Sectoral
Impact Model Intercomparison Project, third simulation round
(ISIMIP3b, Lange et al., 2023; Maussion et al., 2023). This dataset
is bias adjusted and statistically downscaled from the more recent
Coupled Model Intercomparison Project (Phase 6) climate data
(CMIP6, Eyring et al, 2016), which uses W5E5 v2.0 as its
observational reference dataset. W5E5 is a compilation of WFDE5
over land and ERA5 over the ocean Lange (2019). Compared to
the climate projections used in the first part of this paper, the
ISIMIP3B climate data uses a newer generation of GCMs but lacks
the dynamical downscaling step through RCMs. The horizontal
resolution of the bias-adjusted data is 0.25 deg, which is coarser
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than the bias-adjusted data on the INCA grid in the first part
of the study. The future simulations, which also begin in 2011,
are initialized with the glacier states from a historical simulation
starting in 1969 with dynamic spin-up, where the W5E5 dataset
served as input climate (default climate dataset in OGGM). The
results are presented in Figure 11, where the solid line indicates the
ensemble mean of five GCMs together with their spread and the
colors represent three different Shared Socioeconomic Pathways
(SSPs): blue for SSP126, turquoise for SSP370 and red for SSP585.
The first and last scenarios are comparable to RCP2.6 and 8.5,
respectively, which correspond to the CMIP5 original climate data
used in the future projections of this study.

The diagram on the left of Figure 11 shows the evolution of
the glaciers’ volume, and on the right, the glacierized areas in
Gepatschalm. At the beginning of the future simulations, in 2011, a
volume of 2.5 km? is estimated, which corresponds to an area of
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OGGM results with climate data from ISIMIP3b: (A) volume evolution of the glaciers in the study area and (B) area evolution. The values represent the
ensemble mean of the five GCMs and for three SSPs: SSP126 (blue), SSP370 (turquoise), and SSP585 (red).

20.3 km?. Although this area is very close to the value obtained  the value obtained from the coupling scheme. However, when
with the VA scaling and the coupling scheme, major differences  analyzing certain future years, there seems to be more similarity
in terms of volumes are observed. In this case, the initial volume  between the results provided by the ISIMIP3b-OGGM run and the
is 60% lower than the VA scaling estimate and 20% higher than  coupling scheme. Table 3 presents the projected volume obtained
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TABLE 3 Glacier volume predictions for the years 2040, 2070,
(values are in km3)].

10.3389/frwa.2023.1296344

and 2100 from the different models [VA scaling, coupling scheme, and ISIMIP3b-OGGM

RCP2.6/SSP126 RCP8.5/SSP585
Year VA Coupling ISIMIP3b-OGGM  Diff VA Diff VA Coupling ISIMIP3b-
scaling scheme coup scaling  scheme OGGM
2040 2.76 1.02 142 95 —28 2.72 0.99 1.46 87 -32
2070 2.07 0.34 0.49 432 ~11 1.60 0.06 023 589 -72
2100 1.69 0.19 0.18 857 6 0.78 0.02 0.02 3434 6

The difference between VA scaling and ISIMIP3b-OGGM and between Coupling scheme and ISIMIP3b-OGGM simulations are included (%).

from each simulation and for three future years: 2040, 2070 and
2100. The values are an ensemble mean of all climate models and
refer to RCP2.6/SSP126 and RCP8.5/SSP585.

Except for RCP8.5 and 2070, the simulated volumes obtained
from ISIMIP3b-OGGM and the coupling scheme differ by <32%.
However, the differences are much higher when comparing
ISIMIP3b-OGGM with the VA scaling results. The similarities
between results from the coupling scheme and OGGM forced
by CMIP6 are expected, since both glacier models follow the
same ice-flow dynamics. The disparities are likely attributed to
the climate models used in each case, which generally represent
the main source of uncertainty (Marzeion et al., 2020). The
selection of the initial ice volume (in this case in 2011) is
crucial for future predictions, since different ice thicknesses could
significantly affect glacier evolution as determined by van Tricht
et al. (2023). The coupling scheme calculates the initial volume
based on the distributed ice thickness using the OGGM depth-
integrated flowline model, while the VA scaling approach provides
a rough estimate of the initial volume by multiplying the initial
area by a mean ice thickness. Furthermore, this mean ice thickness
(represented by b in Equation 1) remains constant over time,
suggesting that the glaciers will keep the same mean ice thickness
until the end of the century. Additionally, the factors involved in
Equation (1) are “global" and uniform throughout the catchment
and cannot be adjusted on a per glacier basis. This implies that all
glaciers are affected by the same thickness, which might well not be
the case, especially considering the diversity of glacier sizes within
the study area. The coupling scheme is however able to deal with
both issues by annually updating the geometries of the glaciers,
including the distribution of ice thickness on a per glacier basis.

In any case, and to gain deeper understanding of the VA
scaling approach, we also performed a sensitivity analysis on the
parameters affecting Equation (1), to see for instance how different
mean ice thicknesses (b in Equation 1) influence the results. Our
findings demonstrate that, in terms of runoff, neither parameter
was sensitive during the historical simulations. Additionally, results
from the sensitivity test on the scaling exponent conducted by
Radi¢ et al. (2007) indicate that when estimating volume changes
over a 100-year period, differences of up to 86% on this factor
have negligible effects on results (<6%). Consequently, the use of
fixed (and default) values might be justified, which also align with
the values reviewed by Grinsted (2013). Nevertheless, the b factor
in Equation (1) exerts a major influence on future projections.
As an example, we performed an additional simulation with b =
60 m (the default value is 28.5 m), which represents an average
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thickness of the glaciers in the catchment (Fischer and Kuhn, 2013).
The projected mean annual runoff for RCP4.5 during 2071-2100
increases from 1,419 to 1,527 mm when changing the default value
to 60 m. In terms of glacierized areas, the expected glacier coverage
increases from 9.4 to 14.6 km?, as opporsed to the default set-
up (for RCP4.5). This high variability in simulation results under
future projections raises concerns about applying the VA scaling
approach to estimate runoff in highly glacierized catchments, and
places more trust in the use of global glacier models such as OGGM.

3.3 Applicability of the coupling scheme in
other catchments

Although the WaSiM-OGGM coupling scheme has only
been applied to the Gepatschalm area so far, its use could
be extended to any other glacierized catchment. This might
be particularly advantageous, for example, in catchments where
glacier observations are not available. In this case, the annual
glacier outputs generated from OGGM allow to perform model
simulations starting at any desired year, hence overcoming
dependence on observed outlines. Furthermore, the successful
application of both models in water-scarce regions (examples of
studies carried out with WaSiM can be found in Cornelissen
et al., 2013; Idrissou et al., 2020; Pesci et al.,, 2023 and with
OGGM, in Dixit et al, 2021; Ross et al.,, 2023) encourages the
use of the coupling scheme in such areas. As a changing climate
may significantly impact water availability by the end of the
century, the prediction of the catchment’s hydrological response
becomes crucial. Consequently, a deeper understanding of glacier
evolution and its contribution to runoff can lead to more effective
management of water resources in water-scarce regions.

4 Conclusions

Glacier processes are of major importance to the hydrological
response of a catchment, especially when making predictions
under future climatic conditions. The WaSiM-OGGM coupling
scheme developed in this study has proved to be a step forward
in the representation of glaciers and their contribution to runoft
generation when looking at different future climate scenarios. The
integration of OGGM'’s detailed ice-flow dynamics representation
into the physically-based hydrological WaSiM model enhanced
overall runoff performance during the historical period and
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improved predictions of runoff and glacier evolution in the
future. The obtained results align with similar studies, ensuring
greater reliability.

The VA scaling approach has shown to be robust during
historical simulations, where different values of b lead to similar
results. Nevertheless, selecting this parameter has a significant effect
on the model’s performance for future time periods. Therefore,
adopting a singular value for the entire simulation period and
catchment as a whole may not be suitable when analyzing different
scenarios. This issue is tackled by the WaSiM-OGGM coupling
scheme, since an annual update of the glacier volumes and areas
is fed into the model, thus no longer being dependent on the VA
scaling relation.

The determination of the glacier’s geometry from OGGM is
based on an approximation, which led to some deficiencies and
hence to a slight underestimation of the total glacier area. This issue,
combined with the unknown initial conditions of the glaciers in the
past, might be the cause of the underestimations in terms of initial
areas, compared to the observed values. With the constant advances
in modeling and programming, it could be feasible to improve
the delineation of the glacier geometries and therefore obtain
a more accurate representation. In addition, a more thorough
method could be adopted for initializing OGGM, in which glaciers
are reconstructed based on climate information and their current
geometry (Eis etal., 2021). Furthermore, the coupling scheme could
also be adapted to the next generation of mass balance models, in
which, for example, a higher temporal resolution could be used
(Schuster et al., 2023).

We are confident in the efficacy of the coupling scheme when
performing simulations with little or even no glacier observations,
since OGGM (and consequently the coupling scheme) can be
initialized in any year. Finally, it is worth noting that the WaSiM-
OGGM coupling scheme is accessible as open-source software
(Pesci, 2023), allowing for the prediction of the hydrological
response of any mountainous catchment without necessitating
additional expertise in glacier modeling. This is particularly
valuable in areas where water scarcity may become a critical issue.
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