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Abstract. This study compares the ability of two degree-day—Degree-Day models (Poli-Hydro and a degree-day-hybrid
Degree-Day implementation of Alpine3D) and one full energy-balance-Energy-Balance melt model (Alpine3D) to predict

the discharge on two partly glacierized Alpine catchments of different size and intensity of exploitation, under present con-
ditions and climate change as projected at the end of the century. For present climate, the magnitude of snow melt predicted
by Poli-Hydro is sensibly lower than the one predicted by the other melt schemes, and the melting season is delayed by one
month. This difference can be explained by the combined effect of the reduced complexity of the melting scheme and the
reduced computational temporal resolution. The degree-¢ay-Degree-Day implementation of Alpine3D reproduces a melt sea-
son closer to the one obtained with its full solver; in fact, the onset of the degree-day-Degree-Day mode still depends upon
the full energy-balance solver, thus not bringing any particular benefit in terms of inputs and computational load, unlike with
Poli-Hydro. Under climate change conditions, Alpine3D is more sensitive than Poli-Hydro, reproducing discharge curves and
volumes shifted by one month earlier as a consequence of the earlier onset of snow melt. Despite their benefits, the coarser tem-
poral computational resolution and the fixed monthly degree-days-Degree-Days of simpler melt models like Poli-Hydro make
them controversial to use for climate change applications with respect to energy-balance ones. Nevertheless, under strong river
regulation, the influence of calibration might even overshadow the benefits of a full energy-balanee-Energy-Balance scheme.
Keywords: Climate change, alpine regions, alpine hydrology, hydrological models, degree-day models, energy-balance

models

1 Introduction

The hydrology of high Alpine catchments is dominated by the melt of seasonal snow cover and glaciers, and thus particu-
larly sensitive to climate change (Barnett et al., 2005). The amount of runoff and its seasonal pattern is likely to be heav-
ily modified in the future, impacting ecology, water resources management and the overall quality of life in inhabited areas

Yvon-Durocheretal;2010:-Sehaefli-et-al5-2007)(Yvon-Durocher et al., 2010; Schaefli and Gupta, 2007). Change in summer

discharge in Alpine areas will also increase the sensitivity to air temperature, enhancing the warming of Alpine rivers with cli-
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mate change (Michel et al., 2021a). Therefore, the development of models reproducing reliable predictions of the response of
Alpine catchments discharge to climate change is a crucial step.

simulate runoff in Alpine catchments (Huss et al., 2008; Bavay et al., 2009; Magnusson et al., 2011; Zhang et al., 2012;
Farinotti et al., 2012; Galllice et al., 2016). Even if these two types of models are different with respect to how the physics
is represented, they have proven to give similar results when considering present climatic conditions (Zappa et al., 2003;

because they reduce the computational load and require simpler, commonly-available input data (Zappa et al., 2003). How-

ever, when considering climate change, the use of such models may be disputable since the value of the calibrated param

eters requiredy-this-type-ef-medelsmay change under different climatic conditiofisock,2005-Magnussen-etalk;2610)

dischargeandstream ow temperatureg¢Gallice et al., 2016; Michel et al., 2021&jloreover,Alpine3D doesnot requireany
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Model comparisons were performed before on partly glacierized catchments. The work of Magnusson et al. (2011) showed

accurate runoff simulations provided by theergy-balancEnergy-Balance model Alpine3@ehning-et-al;2006dluringthe

E
(Viviroli et al., 2009). Their results showed a lower sensibility of PREVAH to climate change, which was accentuated in sum-

mer;-when glacierized parts of the basin shdve highest contribution to runoff. The authors explained this behaviour by

scheme.

With this in mind, Shakoor et al. (2018) used Alpine3Ba-singledistributedmedelto simulate botrenergy-balancand

ments allowed to identify uncertainties associated with each melt model and to exclude that differences in reproduced meteo-
rological variables might arise from the use of different data interpolation methods or different set-up of snow vertical pro les
(single versusaditi-ayemulti-layer). This study showed that arergy-bataneEnergy-Balancenelt scheme can outperform

rather poor and unrepresentative. By distributing surrounding meteorological input data to the catchment, the model generatec
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weather, and as a consequence discharge was signi cantly overestimated.
In this paper, we build upon the work of Shakoor et al. (2018) in the sense that Alpine3D will be used to simulate both

more appropriate to represent future discharge changes induced by climate change. In fact, the development and identi cation
of suitable models to predict the response of Alpine catchments to climate change is a crucial cbatengalays. However,

it would be simplistic to focus on the melting schemes alone in order to assess medétbility for climate change studies
basinghasedon their performances in the present climatic conditions. Taasthera key point of this paper is to assess the
relative weight that has to be given to the melt scheme and to the calibration process itself, which might force the model to give
realistic results in the current condition but prevent further application undesageclimate-

to Valchiavenna in Italy. The Mera catchment is approximately 10 times larger than the Dischma catchment and its resources are
highly exploited through hydropower operations. Here, meteorological observations and gauging are rathérespamsealy,
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2 Catchments and data
2.1 Mera

The Mera catchment (Fig:?1) nests the homonymous river owing across Switzerland and Italy. The source is located near
Piz Mungiroi, canton Grisons, Switzerland, in the relatively dry Central Alps. From its source, it ows east towards Maloja-
pass, then turns west through Val Bregaglia owing into Lobbia dam reservoir and crosses the border to Italy in Castasegna.
Mera ends in Lake Como, located into the pre-Alpine region of Italy. The basin spans across a surfac&rof 58% of
which is glacierized. The length of the river is 50 km, 24 of which ow on Swiss territory. Elevation ranges from 3217 to 202
m a.s.l.

Meracatchment.



Table 1. Description of hydropower plants and dams exploiting Mera water resources. Stream Liro is one of the main tributaries of river

Mera and joins the latter in Prata Camportaccio.

Hydropower plants

Name Lat Lon  Elevation Type Plant capacity Hydraulic drop  Discharge concession
[°] [°] [m.a.s.l] [MW] [m] [m3/s]
Isolato Spluga 46.443 9.335 1255 Reservoir 42.8 641.6 0.97
Isolato Madesimo ~ 46.444  9.336 1255 Basin 16.2 275.8 14
Prestone 46.393 9.353 1080 Basin 235 184.9 5.18
San Bernardo 46.345 9.35 1060 Reservoir 34.2 1014 0.64
Lobbia 46.375 9.659 1441 Basin - - -
Chiavenna 46.314 9.397 280 Basin 66.9 329.8 6.83
Prata Camportaccio 46.304 9.388 280 Stream ow 3.3 18.76 6.83
Mese 46.305 9.378 286 Basin 172.6 769.45 8.4
Gordona 46.283 9.367 245 Stream ow 14.6 36.45 15.65
Dams
Name Lat Lon  Elevation River Hydropower plant of reference
[°] [°] [m.a.s.l.]
Cardanello 46.473 9.344 1904 Liro Isolato Spluga
Stuetta 46.472 9.351 1897 Liro Isolato Spluga
Madesimo 46.431 9.354 1533 Liro Isolato Madesimo
Isolato 46.436 9.338 1243 Liro Prestone
Prestone 46.393 9.353 1080 Liro Mese
Truzzo 46.36 9.316 2078 Liro San Bernardo, Mese
Albigna 46.337 9.646 2155 Mera (CH) Lobbia
Villa di Chiavenna  46.33  9.492 635 Mera (IT) Chiavenna, Prata Camportaccio

135 The area is particularly important for hydropower production, and its water resources are largely exploited. Hydropower
plants and dams are sketched and described ir?Fig.and Tab. 1.

2.2 Dischma

Dischmabach is a steep, high-Alpine catchment located in the eastern part of the Swiss Alg{Fidt has two equal

source streams whose source areas are Scalettapass and Fuorcla da Grialetsch. Both source streams unite at Dirrboden;
140 Dischmabach then ows 15 km north-west into the Landwasser in Davos Dorf. The climatological region of the catchment is

in the transition zone between the wet Northern Alps and the dry Central Alps. The aspect is S/SE to N/NW. The catchment's

surface is 43.&m? including a small glacierized part of 2.1% of the basin's extension. Elevation ranges from 1668 to 3146 m
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a.s.l. with a mean altitude of 2378 m a.s.l.. In the lowest part, snow accumulates between November and February, whereas ir
the highest part the accumulation season ends in April (Zappa et al., 2003).
Bischmacatehment.

2.3 Hydrological data
2.3.1 FOEN data

The discharge gauge of Kriegsmatte is the only measuring station within the Dischma catchment. The gauge is located at 166&
m a.s.l. on the right side of the stream. Data monitoring started in 1963. Quality controlled discharge at hourly resolution is
provided by the Swiss Federal Of ce for the Environment (FOEN, 2018).

2.3.2 Adda Consortium data

Despite its size, discharge data for the Mera catchment are only available at Samolaco, close to Mezzola Lake, in one of the nal
sections of the river. Discharge data are available from the Adda Consortium (https://www.addaconsérziavit) a fee.

The Consortium provides the hydrometric level and the rating curve from which discharge is evaluated. Data are available at
semi-hourly scale and eventually aggregated at daily scale. Discharge modeling here may be slightly disturbed by hydropower
regulation: speci cally, there is a shift in volumes at the hourly scale on working days (Monday to Friday). However, at the
daily scale and at longer time scales, stream ows are not largely disturbed overall, and hydrological modeling exercise provides
acceptable results (Fuso et al., 2021). Unfortunately, due to their dif cult availability, there is no spe¢iimformationon

water use by plants of Valchiavenna.

As mentionedn Section2.1,this areais exploitedquite intenselyby a complexsystemof reservoirsandhydroelectricoower




Table 2. Details about Swiss meteo stations (IMIS and MCH). The rst column of the table indicates the associated river (D and M for
Dischma and Mera, respectively). Contrary to ARPA in Tab. 3, all variables started to be recorded automatically in the same year 1981.

. . Lat Lon Elevation Data .
Stream Station Abbreviation  Network Variables
[°] (m.a.s.l.) availability
D Hanengretji DAV3 IMIS 46.788 9.774 2455 1998-2018 TA, PSUM, RH, VW
D Frauentobel DAV4 IMIS 46.784 9.785 2330 2002-2018 TA, PSUM, RH, VW
D Flielapass FLU2 IMIS 46.753  9.946 2394 2003-2018 TA, PSUM, RH, VW
D Pilschezza ZNZ2 IMIS 10.019 46.697 2677 2002-2018 TA, PSUM, RH, VW
TA, PSUM, RH,
D Davos DAV MCH 9.844 46.813 1594 1981-2008
ISWR, VW
. ) TA, PSUM, RH,
D Weiss uhjoch WFJ MCH 9.806 46.833 2691 1981-2018
ISWR, VW
TA, PSUM, RH,
M Samedan SAM MCH 46.533 9.867 1708 1981-2018
ISWR, VW

2.4 Meteorological data

2.4.1 MeteoSwiss stations

Meteorological data over Switzerland are partly acquired from the MeteoSwiss (MCH) automatic monitoring network (IDAWEB,
2019). Since no MCH station is installed within the Dischma catchment itself, the nearby stations of Davos (DAV) and Weiss-
uhjoch (WFJ) provide daily values for air temperature (TA), precipitation (PSUM), wind velocity (VW), relative humidity

(RH) and incoming shortwave solar radiation (ISWR). The same variables, except for PSUM, are used for the Swiss side of
the Mera catchment from the station Samedan (SAM) in the upper Engadine.

175

2.4.2 IMIS stations

The second part of the meteorological data used for Switzerland comes from the Intercantonal Measurement and Information
System (IMIS) station network (IMIS, 2019), operated by the WSL Institute for Snow and Avalanche research (SLF). The IMIS
station network does not provide ISWR measures. Additionally, IMIS rain gauges are not heated, therefore winter precipitation

180

is obtained indirectly based on snow depth variations and snow settling computed by the SNOWPACK model (Lehning et al.,
1999). The information used in this study comes from the IMIS stations located in Davos (DAV), Flielapass (FLU) and Zernez
(ZNZ) (see Fig??). All data coming from Swiss stations (IMIS, MCH) are presented in Tab. 2.

185 2.4.3 ARPA Lombardia stations

The rst automatic meteorological stations was installed in the Italian region of Lombardy only in the late 80s. Thus, Lombardy
can only count on observational time series which, at most, date back to those years. Nowadays, ARPA counts on a network of



Table 3. Details about Italian meteo stations (ARPA). The * symbol next to some of the available variables indicates that such variables
started to be recorded later than the rst recorded year for TA and PSUM.

. . Lat Lon  Elevation Data .
Station Abbreviation Variables
° [°1 [ma.s.l] availability
Chiavenna Via Cerletti CHI 46.321 9.395 333 1994-2009  TA, PSUM, RH*
) TA, PSUM, RH,
Morbegno Eliporto MEL 46.136 9.584 230 2016-2018
HS, ISWR, VW
1 i ; TA, PSUM, RH*,
Morbegno Via Cortivacci MVC 46.132 9.566 262 1999-2018
ISWR*, VW*
TA, PSUM, RH,
Samolaco SML 46.236 9.427 206 1995-2018
ISWR*, VW*
i i TA, PSUM, RH*,
San Giacomo Filippo SGF 46.361 9.319 2064 2005-2018
VW*
Villa di Chiavenna vDC 46.332 9.512 665 2003-2018 TA, PSUM

318 meteorological stations, but the vast majority of them was only installed in the last two decades. As a consequence, there

are only few and sparse robust observational time series of the past 30 years in Valchiavenna. Moreover, historical time series
190 often contain anassivdargeamount of missing data, due to interruption. The stations used in this work are presented in Tab.

3 and locations are shown in Fig?1.

2.5 Climate change data
2.5.1 CH2018 data

The climate change section of this papependgelies upon the CH2018 climate change scenarios (MeteoSwiss, 2018).

195 These scenarios were derived from the new EURO-CORDEX ensemble of climate simulations with Regional Climate Mod-
els (RCMs) (Jacob et al., 2014; Kotlarski et al., 2014). The RCM simulations of EURO-CORDEX were performed using a
common model domain centered on western Europe. RCMs dynamically downscale coarser global projections (from Global
Climate Models, GCMs) into a resolution which is more suitable to represent the topography of Switzerland. However, RCM
simulations from EURO-CORDEX do provide information at a spatial resolution of 0.11 or Rdwhich is still too coarse

200 for local impact assessments and might lead to biases, especially for complex orographies. CH2018 applied quantile mapping
for spatial downscaling, to both observations at station's scale and gridded observations at 2 km to derive site-speci ¢ projec-
tions. Thus, CH2018 can provide projections at daily resolution for the MCH automatic weather station network. Available
variables are the mean, minimum and maximum near-surface air temperature, relative humidity, wind speed, cumulative pre-
cipitation and incoming shortwave radiation. 68 model chain outputs are provided under three Representative Concentration

205 Pathways: RCP8.5, RCP4.5 and RCP2.6. In this paper, we considered a selected subset of 17 out of the original ensemble
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Table 4. Details about the considered climate models. GCM = Global Climate Model; RCM = Regional Climate Model; RCP = Representa-
tive Concentration Pathway.

Institute GCM RCM Resolution RCP
CLMCOM HADGEM CCLM5 EUR44 8.5
DMI ECEARTH HIRHAM EUR11 2.6,45,85
KNMI ECEARTH RACMO EUR44 45,8.5
KNMI HADGEM RACMO EUR44 2.6,45,85
SMHI CCCMA RCA EUR44 45,85
SMHI MIROC RCA EUR44 2.6,45,85
SMHI MPIESM RCA EUR44 2.6,45,85

time.

2.5.2 Quantile mapping on MCH, IMIS and ARPA data

The availability of CH2018 downscaled scenarios is restricted to the MCH station network. We adopt the methodology pre-
sented by Rajczak et al. (2016) and apply it on IMIS stations (Michel et al., 2021b). This Quantile Mapping (QM) methodology
enables the spatial transfer of the future climate projections from the set of CH2018 MCH stations to a different network. We

stations.

The procedure is summarized in the following: as a rst step, the so-called Most Representative Station (MRS) is selected
out of the MCH CH2018 network for each ARPA station. The MRS is selected by maximising a combined correlation score
between observed mean daily temperature and cumulative daily precipitation time series. The combined correlation score is
computed over a time span which depends on the rst available observations within the ARPA network (see Tab. 3). Climate
scenarios are bhias-corrected to match the long-term observational MCH CH2018 time series and, as a second step, they ar
spatially transferred from the selected MRS to the sparsely observed site within the ARPA network. For further details on this
method, we refer readers to Rajczak et al. (2016). On the one hand, Rajczak et al. (2016) performed a robust validation on
this method using long-term, multivariate measurements, revealing satisfactory performance even in topographically complex
terrains. On the other hand, limitations for the application of the method remain and concern different aspects besides the
well-known uncertainties related to climate projections themselves (Hawkins and Sutton, 2009, 2011). The main untailed
uncertainties can be related to (1) possible non-stationarities of transfer functions under climate change (Christensen et al.
2008; Boberg and Christensen, 2012; Maraun, 2012; Bellprat et al., 2013), (2) the fact that climate change signals are imposec
by the location of the MRS, (3) the fact that the spatial transfer also bears uncertainties, especially for spatially and temporally

10
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heterogeneous variables such as precipitation. Nonetheless, this method was speci cally tailored to improve climate projections
for sites affected by data scarcity, also addressing the fact that the closest station isn't necessarily the most representative fo
the observed one. The QM spatial transfer is thus applied to the ensemble of ARPA stations, resulting in climate projections
spanning to the end of the century.

Climate change simulations presented in Section 4.2.4 are run for the hydrological years 1991-2000 and 2081-2090. We
will refer to the rst decade as of "reference period”, whereas to the last one as of "climate change period". For simplicity, we
use full decade names further in the paper (e.g. 1990-2000 for the hydrological decade 1991-2000, meaning October 1990 tc
September 2000).

2.5.3 Temporal downscaling

CH2018 scenarios for Switzerland only provide data at daily resolution. However, such temporal resolution can be too coarse
for this data to be used as input to physically-based models such as Alpine3D and StreamFlow. This paper follows the method
recently proposed by Michel et al. (2021b), which provides hourly downscaled climate change time series for MCH and IMIS
stations. The same approach was used to obtain hourly climate projections for ARPA stations by rst disaggregating the MRS
time series (according to the approach by Rajczak et al. (2016) described in the previous Section 2.5.2) and then applying
the trend to ARPA stations. This approach is based on the delta-change method, which was also used in the previous CH201:
scenario (MeteoSwiss, 2011). In Michel et al. (2021b), this procedure is further developed, especially in the sense of the quality
assessment of the generated time series and the validation of the parameters. This enhanced method highlights that the origin
approach used in CH2011 did not represent correctly the seasonal cycle of the climate change scenarios. Furthermore, th
method originally developed was validated only for temperature and precipitation, whereas the new method is validated on the
5 variables that are used in this paper. Time periods of 10 years are used (using the period 2005-2015 for historical baseline).
The work of Michel et al. (2021a) shows that using 10 years time periods for applications such as in this study leads to similar
results than using 30 year periods. This nding is highly relevant for this paper for a twofold reason. On the one hand, this
allows to include data from IMIS stations. Although IMIS data are not available over the last 30 years to well represent climatic
cycles, the 10 years available have proven to improve discharge simulations over Alpine areas (Schlogl et al., 2016). On the
other hand, without this nding, no climate change study would be possible within poorly gauged catchments whose surveying
does not date 30 years back, such as Mera.

2.6 Geographical data
2.6.1 DEM and land use

On the Swiss side, the Digital Elevation Model (DEM) used is the DTM25 dataset at 25 m resolution provided by Swisstopo,
which is then resampled to the desired resolution of 500 m. Land cover data are derived from the 2006 version of the Copernicus
Corine Land Cover (Agency, 2013) dataset at 100 m resolution, then upscaled to 500 m. Corine Land Cover classes are
translated into the land cover classes available in A3D, listed in Michel et al. (2021b). On the Italian side, the DEM is provided

11
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by NASA (https://earthdata.nasa.gov/) and land cover data by CLC. The initial resolution of the DEM is 30 m, then upscaled
to 500 m.

(SWE) quanti cation, and a big effort is spenton testingdifferent horizontal DEM resolutions, The authorsselectedfour

different resolutiong(25, 200, 500, 1000 m) for_the DEM grid andland cover data.Resultsshow that downscalingfrom a

a500m resolutionwasjysti ed overthe Meraasy

Forthe ow routingr
the TauDEM software (Tarboton, 1997) coupled with a wrapper (Michel et al., 2021a) to force it to reproduce exactly the
stream network provided by the FOEN (of the Environment, 2013).

Conversely, Poli-Hydro model simulates the hydrological balance and the ow routing for the catchment area (through ow
directions and ow accumulations) which is identi ed from the DEM using ArcGIS software (ESRI, 2012). The DEM used is

Itis important to underline here that the two approaches prepare the DEM in different ways, thus justifying slight differences

in basin shape hereatfter.
2.6.2 Glacier data

For both catchments, we use glacier height maps from Zekollari et al. (2019). By means of an innovative model called Glo-
GEM ow, the authors have developed the rst regional Alpine glacier modelling making use of high-resolution climate model
outputs from EURO-CORDEX (Jacob et al., 2014; Kotlarski et al., 2014). Glacier height needs to be understood as the ice
depth aboveheahottomsurface. Such maps are used as initial condition of each past and future (climate change) simulation.

For historical periods, all calibrations are run with the 2005 glacier map as initial condition. Glacier evolution is then treated
and simulated according to the two models and melt schemes. A due consideration is that glacier maps do overwrite the CLC
land cover classes, and in the case that a pixel is classi ed as glacier by CLC but not by Zekollari et al. (2019), that pixel is

simply converted into bare rock.

12



3 Methods

3.1 Models description

295 Inthis study, two different models are compared:dbgree-daynodelPoli-Hydro(PHhereafterpndtheprocess-based model

been used recently to perform climate change studies. In Michel et al. (2021a), A3D+SF chain is used to investigate future
water temperature of Swiss rivers under climate change. Fuso et al. (2021) used PH to evaluate future hydrological scenarios
300 for the Lake Como catchment in Italy according to three GCMs of the Sixth Assessment Report (AR6) of the IPCC driven

305 onasemi-distributedtouting model, The useof a semi-distributednodellingapproactratherthana fully-distributedonecan

310 studiesjustifying our choiceto ratherassesghosekinds of models Overallmodeldifferencegstructuremodules calibrated

The forcing meteorological data at station locatisais extrapolated to the grids in A3D using distance weighted method

with vertical lapse rate corrections (see details in Michel et al. (202Tapgridsofforcing dataarewrittenoutandalseused
-PHin-orderto-useexactlythe sameforeing-data-Longwave radiation is also computed in A3D using TA, RH and cloud

315 cover derived from ISWR using the approach described in Omstedt (1990)riteddatais written out and alsousedin

3.1.1 Alpine3D

Alpine3D model (Lehning et al., 2006) is a deterministic and spatially distributed model designed for high-resolution simula-
320 tion of snow processes in topographically complex areas. In A3D, the SNOWPACK model (Lehning et al., 2002) is applied

to each cell of the catchment (here a 500x500 m grid). SNOWPACK is a physical 1-D multi-layer snow and soil model for-

merly developed for avalanche warning. It comes with a detailed description of the snow micro-structure and it resolves phase

changes in snow on a physical basis. SNOWPACK also contains a two-layer canopy module simulating the micro-meteorology

in the forest, the evapotranspiration, and the interaction between trees and snow, including snow interception (Gouttevin et al.,
325 2015). Within A3D, the SNOWPACK modelis run for_every cell of the catchmentat a 15 minutestime step,while _the

13



A3D A3Dop PH
) ) Snow model: 500 m
Spatial resolution ) 500m
Structure v Hydrological model: 100 m T
. Snow model: 15 minutes
Temporal resolution 1day
"""""""" Hydrological model: 1 hour o
Melt factorsfrom,
SNOWPACK S s
Snowmodel SNOWPACK oo monthly calibrated
oo inDegree-Daynmode v T
o Degree-Days
modules 0000000000000 o7
Hybrid
Type Of .....
e Full Energy-Balance  Full Energy-Balance Degree-Da
Snowmodel Pt g ALmIYRAEEE :
R with Degree-Daymode
Hydrological. model Semi-distributed
Type.of StreamFlow Nashapproactfor
Hydrological model with simple instant routing IUH propagation
. . Mera;Yes
Snowcalibration No No
LT ; Dischma;No
calbraton 0000

""""""""" None

Maximum in Itration rate
Upper reservoir residence time

Lower reservoir residence time

Fraction of lost water to deep soil in Itration

330

called A3Dyphereafter. In A3Bp, the melt rate is linearly linked to air temperature by the Temperature Melt Factor (TMF).
335 In A3D, A3Dpp can be used within SNOWPACK as an energy boundary condition at the snow-atmosphere interface. When a
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melt phase occurs, i.e. when water and ice are coexisting in the snow element and air temperature is larger than snow surfac
temperature, the energy entering the snowpack is computed witlhAIRadiative uxes are set to zero in the uppermost

snow element and the turbulent uxes are not computed anymore. When the snowpack is not in a melting phase, the net energy
ux at the snow surface is computed by solving the standard energy-balance boundary condition (Schldgl et al., 2016). Ice and
snow are not distinguished by A3B melt model: a single TMF value is used for both of them, although such approach has

melting is computed by A3Eb as of Equation 1.

EB = TMF (Tair Tsnow ) (1)

In Equation 1,T MF is the Temperature Melt FactoF;; andTshow the air and snow temperature, respectively.

Aithin A21N) tha SNOWPACK mode 1 Nfor-evernscell-of-thecatehmen > minutestime ep-while-the

3.1.2 StreamFlow

StreamFlow is a semi-distributed hydrological model, described in (Gallice et al., 2016). The runoff output produced in A3D
is collected into each sub-watershed in SF and the residence time in the soil is determined with an approach using two linear

setup used for SF can be found in (Michel et al., 2021a).
3.1.3 Poli-Hydro

Poli-Hydro is a spatially semi-distributed, cell basgebre 500x500m)-hydrological model, suitable for the simulation of
high-altitude, poorly gauged catchments (Bocchiola et al., 2018; Casale et al., 2020). It is able to reproduce deposition of snow

model works at a daily time scale and it is based on the mass conservation equation. The mass balance involves liquid anc
solid precipitation, snow melt, glacial ablation, effective evapotranspiration and groundwater discharge. The model takes as
input data a DEM, a land cover map, and daily values for air temperature and total precipitation. As mentioned before, input

15
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data are the meteorological forcing grids extrapolated by A3D. This model conceives the formation of ow by means of two
mechanisms: super cial and groundwater discharge.

Snow melt and glacial ablation are estimated by means of a melt factor (Equation 2). Here, the model takes into consideration
contributions from shortwave radiation and temperature (Aili et al., 2019; Bombelli et al., 2019; Stucchi et al., 2019).

Ms=DDg(T Ti)+ RMFs(1  §)Gw )
Mi=DDi(T T+ RMFi{(1 i)Gw
In Equation 2Ms andM; are the melt factors for snow and ice respectivélyhe mean daily temperatuBD s andDD
the temperaturaneltfactorsdegree-daysor snow and ice (Tab. 8)T; the threshold temperature equal to ORMF s and
RMF; the radiation melt factors;s;; the snow and ice albedo (Soncini et al. (201@); the shortwave radiation ux.
Ice and snow melt occur only when the average daily temperature is higher than the threshold temperature. Ice melt occurs

on ice covered domain cells, once snow melt is completed.

Qs=Si+ t  Smax if St+ t>Smax
Qs=0 if St+ t Smax

®)

In Equation 3,S is the soil water content evaluated from the mass balance equation for each time st€pg.ans the
greatest potential soil storage calculated by the Curve Number method (Usda., Scs., 1986), from a land cover map for each cel
of catchment. The sub-super cial dischaiQg is computed as of Equation 4.

S k

= K
Qg Smax

In Equation 4K is the saturated permeability akds a power exponent.

(4)

Then, for the ow routing, two parallel systems are considered, one for super cial ow and one for sub-surface ow. Two
instantaneous unit hydrograragt) (IUH) are evaluated for each cell using the Nash approach (Rosso, 1984) for super cial

and sub-surface ow respectively.
3.2 Statistical scores

Statistical scores are used to assess the models' predictive performance. In this work, three metrics areRigé&HE Rwot

of predicted discharge in section 4.2.

r P
RMSE = M (%)
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KGE = p (I’ 1)2+( 1)2+( 1)2 — _sim _ _sim (7)

obs obs

mance (Schae i and Gupta, 2007, Knoben et al., 2019), as it describes the situation where the average of the observations ha
the same explanatory power as the model's predictions.

error and the mean ow blas. It is important to remark that, as explained in Knoben et al. (2019), it is impossible to de ne
within KGE a benchmark value that acts as a threshold between a "good" and a "bad" model. To keep consistency with NSE,
here we will consider as a benchmark the case wigig = Qqps, Which yieldsKGE = 0:41 (Knoben et al., 2019) and
corresponds thlSE =0.

The need for considering the KGE in addition to the widely-used NSE mostly arises from two important drawbacks of the
NSE. In the rst place, The use of the observed mean annual as a benchmark can be a mediocre predictor (Schae i and Gupta
2007), especially for strongly seasonal discharge time series, as those dominated by snow melt, leading to the overestimatior
of the model ef ciency. Secondly, the NSE computes squared differences between the observed and predicted values. As &
result, the metric becomes excessively sensitive to extreme values by enhancing higher magnitude stream ows and neglecting
lower ones (Legates and McCabe, 1999; Criss and Winston, 2008). It is important to note that PH is calibrated using the NSE
metric as the score to maximise, while SF uses the KGE metric, so each model might be biased toward better performance in
its respective calibration metric.

4 Resultsind-diseussion

4.1 Calibration
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Table 6. StreamFlow calibration parameters.

KGE Maximum in ltration rate (mmd ) Upperreservoir (d) Lower reservoir (d)

A3D Mera 0.74 3.829e+01 8.441e+00 4.398e+02
Dischma 0.91 9.598e+00 2.408e+01 2.926e+02
Mera 0.77 6.319e+01 7.459e+00 1.231e+02

A3Dgyg
Dischma 0.88 3.764e+00 2.181e+01 3.922e+02

4.1.2 StreamFlow

420 To calibrate the model SF, 10'000 calibrations runs are performed over the calibration period October 2010 to September
2014 (the validation period being from October 2014 to September 2018). The following parameters are calibrated: maximum
in Itration rate, upper reservoir residence time)(lower reservoir , and fraction of water lost to deep soil in ltration. The
calibration is achieved with a Monte Carlo approach using000 random parameter sets and the corresponding model runs
over the historical period. The random sets are drawn from uniform distributions, with bounds corresponding to standard values

425 available in the literature (see Gallice et al. (2016)). The performance is assessed using the Kling-Gupta Ef ciency (KGE). SF
is calibrated separately for the run with A3D in full energy balance mode and for the run witgpA3D

For the Mera catchment, a KGE value of 0.74 is obtained for the calibration period (0.77 withpA3E0r the Dischma
catchment, a value of KGE=0.9%sultsis obtained(0.88 with A3Dyp). The values of the parameters obtained are given in
Tab. 6.

430 4.1.3 Poli-Hydromedel

compared against satellite MODIS images (Snow Cover Extent, Copernicus Global Land Service, available online:

https://land.copernicus.eu/global/products/sce). Such validation is performed once every 15 days, i.e. the overpassing frequenc
435 of MODIS satellite on the area of Valchiavenna. This method gives information about the SCA extension, although it is not

possible to verify snow depth. To cover this, snow depth data measured atA¥iScollected. For Mera catchment, snow

depth data for the entire simulation period is only available at the station San Giacomo Filippo (SGF, Lat 46.361°, Lon 9.319°,

440 the AWS. Within Dischma catchment itself, MCH/IMIS snow depth d&tis not available, therefore only SCA is veri ed.
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Table 7. Snow degree-days used by Poli-Hydro model for Mera and Dischma catchments.

DD
° Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
mm°C d !
Mera 114 107 200 200 180 160 040 040 050 050 180 1.14

Dischma 114 107 200 350 900 900 05 05 100 080 100 114

Martinec and Rango (1989) and more recently implemented in Aili et al. (2019). It is important to remark that the approach

the measured snow depth. PH model does not model physical processes and energy uxes within the snowpack layers. Fol
additional details on this procedure, we refer to the aforementioned papers.

The initial values oK andk are taken based on literature research on the study area (Aili et al., 2019), and then (manually)
iteratively tuned by tting modeled against observed discharge. Lag times are assessed according to power law functions of the
basins' contributing area, both for super cial and sub-super cial ow (Casale et al., 2020). Model parameters are listed with
reference in Tab. 8 for Mera and Dischma catchment. Calibration is performed from October 2010 to September 2014 whereas
validation from October 2015 to September 2018.

For model calibration and validation, simulated discharge at each catchment's closure section is compared with the observed
value. The Percentage Bias (PBIAS) and the Nash-Sutcliffe Ef ciency (NSE) are computed during the calibration: the absolute
value of the PB is minimized and the NSE is maximized. Results are reported in Tab. 9.

higherthan zerg thus holding more explanatorypower than the time seriesmean,The explanationwe give to this scoreis
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Table 8. Calibration parameters for Poli-Hydro model.

Description Parameter

Unit Mera

Dischma

Reference

Threshold melt temperature Tt

°C 0

Soncini et al. (2017),
Ailli et al. (2019),
Bombelli et al. (2019),
Fuso et al. (2021)

Wilting point w

- 0.15

0.15

Soncini et al. (2017),
Aili et al. (2019),
Bombelli et al. (2019),
Fuso et al. (2021)

Field capacity L

- 0.35

0.35

Soncini et al. (2017),
Aili et al. (2019),
Bombelli et al. (2019),
Fuso et al. (2021)

Saturation s

- 0.45

0.45

Stucchi et al. (2019),

Glacier degree-day DD

mm C d? 5

Bombelli et al. (2019),
Fuso et al. (2021)

Radiation melt factor (snow) RMF

mmd W m? 2:10e 3

2:10e 3

Soncini et al. (2017)

Radiation melt factor (glacier) RMF;

mmd W 'm? 15 @

1:5e 3

Soncini et al. (2017),
Aili et al. (2019)

PowerQyq k

11

Fuso et al. (2021),
Calibration

Soil permeability K

mmd ?! 4

3.5

Aili et al. (2019),

Calibration

Sub-super cial lag time tg

h 270

85

Calibration

Super cial lag time ts

h 230

60

Calibration

Free debris cover glacier albedo i

0.3

Soncini et al. (2017),
Aili et al. (2019),
Bombelli et al. (2019)

Snow albedo s

0.7

Soncini et al. (2017),
Alli et al. (2019),
Bombelli et al. (2019)
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Mera Dischma
NSE  6:50.67 ©:360.48
PBIAS -0.5% -0.82%

drawbacksn the speci ¢ caseof the Dischma,we believethatit doesnotinvalidatethe generalndings of ourwork.

load and the lowest amount of input data required, but on the other hand, their use for climate change impact studies is
disputable.

With the aim of performing climate change impact studies, the objective is to assess the models' ef ciency in reproducing
discharge and total volumes at the river section of interest. However, high-performance discharge simulations strongly depend
on the correct representation of runoff formation. Speci cally, runoff in Alpine catchments can be separated in two main
componentsthefast runoff, which is mainly due to precipitation and surface ow, dmelslow runoff, generated by snow and
ice melt and sub-surface ow.

Fhus;in-In this section we compare the models presented in Sections 3.1.1, 3.1.2 and 3.1.3 in three different ways: (1) by
means of a snow cover analysis, (2) before ow routing (referring to the water volume released at each pixel of the catchment
domain) considering the different contributions to the total runoff (precipitation, snow melt and glacier melt) and (3) after
ow routing (referring to discharge and volumes). When discussing runoff contributions, Béfmwv routing, we refer to

the ow routing scheme of PH (Sections 3.1.2 and ow routing scheme in Section 3.1.3).
4.2.1 Snow cover analysis

In the rst place, thetwe-models are implemented with different temperature thresholds for rain-snow separation, 0°C for PH
(Fuso et al., 2021) and 1.5°C for A3D and AgP(Michel et al., 2021a), as this is the way they are typically used. As a result,
PH may simulate more liquid precipitation than A3D in winter which does not accumulate as snow (see Fig. 2).
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Figure 3 shows observed and modelled snow height and snow water equivalent within the Mera domain in the cell where the
high-elevation station of San Giacomo Filippo is located. Snow water equivalent (i.e. snow density) measures are not available
for this station. A similar analysis was not possible for Dischma, because the MCH/IMIS dataset used for this paper did not

snow height is rated by means of RMSE. Snow height is best reproduced by A3D, which gives the lowest RMSE (top right of
Fig. 3 panel (a)). A3Bp tends to underestimate snow height, however, RMSE is only slightly higher than A3D. PH shows the
highest RMSE. Common errors for A3D seem to be related to compaction, fosARDaN excessively fast melting, whereas

PH shows errors in accumulation and melting. The poorer performance of PH may be explained by the relative simplicity
of the assessment of snow depth from snow water equivalent by means of the approach from Martinec (1991) mentioned in
Section 4.1.3. PH systematically simulates lower snow water equivalent than A3D. Exceptions are the years 2010 and 2014,

snow water equivalent not being available here, literature generally agrees on A3D often outperforming simpler models in
reproducing it, for example in Terzago et al. (2020pngethers. With reference to Section 4.1.3, it is important to remark that
the station of San Giacomo Filippo is used to calibrate/validate snow water equivalent in model PH but not in AgR/A3D

Modelled snow water equivalent at basin scale is shown in Fig. 4 and Fig. 5. As already observed in Fig. 3, A3D reproduces
systematically higher snow water equivalent compared tog3&hd PH. Snow water equivalent peaks are equally reproduced
by all models in terms of seasonality. However, regardless of the catchment and year, PH pictures a longer melting season. The
reason might be a protracted snow melt process due to PH's degree-day scheme and the resolution of meteorological forcing
as mentioned in Section 3.1.3, the melting scheme only takes into account a mean daily temperature value, which needs to b
higher than the melting threshold for any snow melt to be represented. This condition is likely to be met only after melting
has already set in reality, delaying the process of snow ablation and leading to more snow mass predicted for summer months
These ndings are con rmed by the work of Terzago et al. (2020), where melt models of lower complexity did show higher
biases against observations with respect to more complex ones like SNOWPACK. In Terzago et al. (2020), high biases for
simpler models are related both to their underestimation of snow water equivalent peak values and to the protraction of snow
melt season that they reproduce. Maps of summer months in Fig. 4 and Fig. 5 corroborate that PH reproduces higher snow
water equivalent at high elevation areas, especially in early summer.

4.2.2 Runoff formation

The different components of runoff are shown in Fig. 6 and Fig. 7. Throughout Section 4.2.1, we underlined major differences
among models imewtheyreprodueahetermsof snow cover. Such differences lead to discrepancies in modeled snow melt.
As a consequence of the model's structure described in Section 3.1.3 and 4.2.1, PH reproduces a delayed and reduced me
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