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SUMMARY

This paper analyzes the behavior of hydrological snow accounting routines (SARs) used in combination
with hydrological models to simulate streamflow at the catchment scale. To reach conclusions as general
as possible, we compare the performance of six existing SARs combined with two different precipitation-
runoff models. The SARs are temperature-based, have different levels of complexity (understood here as
the number of optimized parameters and model functions), include various processes and also differ by
the way they account for the spatial heterogeneity of snow cover. The SARs were tested on a set of 380
catchments significantly affected by snow and located in four countries (France, Switzerland, Sweden and
Canada), showing different climatic conditions and altitude ranges. The value of each SAR is evaluated
solely in terms of flow simulation quality at the catchment outlet. Several efficiency criteria are used,
some of them specifically focusing on the time periods affected by snow accumulation and melt.

As expected, the use of a snow accounting routine on snow-affected catchments significantly improves
model efficiency, and this is true even for the simplest SARs. More interestingly, our results show that the
most complex SAR does not yield the highest performance. Surprisingly, a lumped routine (i.e. without
distribution in elevation bands) appears to be the most efficient on average on the whole catchment
set. Results seem particularly sensitive to the spatial variability of processes in the snowpack and to
the determination of the precipitation phase (solid or liquid). One critical point remains the identification
of the solid precipitation correction factor necessary to compensate for snowfall measurement errors. In
the companion article, we further investigate the sensitivity of model results to the description of snow
processes in the SAR and try to identify the most important components of a parsimonious and general
SAR.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

snow-processes has been raised repeatedly in the past (Ohmura,
2001). A hybrid approach called restricted degree-day method has

1.1. Temperature index vs energy budget methods

Existing methods to account for snow accumulation and melt
can either be classified as temperature index or energy budget meth-
ods: the former use temperature as an integrating indirect mea-
surement of energy fluxes, while the latter aim at detailing the
different components of a complete energy budget. Several papers
have discussed the pro and cons of each of these two classes (Braun
and Lang, 1986; Charbonneau et al., 1981; Franz, 2006). The ques-
tion whether air temperature is a sufficient indicator to model all
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even been proposed (Brubaker et al., 1996; Cazorzi and Dalla
Fontana, 1996; Kustas et al., 1994): it combines a radiation term
with the degree-day relation (Hock, 2003). The authors argued that
the energy budget method is efficient at the point scale, for well-
instrumented plots, and for short time steps of computation. How-
ever, they acknowledged that the degree-day method is a good and
efficient approach for forecasting purposes at catchment scale and
larger time steps.

In this paper, our purpose is not to contest the theoretical supe-
riority of the energy budget methods. But it is a fact that temper-
ature-based methods are still widely used in operational
hydrology, mostly for input data availability reasons: in many
mountainous catchments of the world, meteorological information
is extremely scarce, the spatial variability of temperature and
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precipitation is large. Some authors have already tried to discrim-
inate between different types of SARs independently of this ques-
tion of input data availability: for instance, Walter et al. (2005)
compared a simplified process-oriented model (that extrapolates
unknown energy components) with temperature-index
approaches, all SARs being fed with the same inputs.

Thus, regarding the important literature on this subject, one
should not try to give absolute judgements regarding alternative
solutions but rather try to better understand the advantages, sen-
sitivity and limits of each of them.

1.2. Comparative studies are still needed

If we are to aim for a simplified representation of the hydrolog-
ical model, we should remember Alfred Einstein’s words: a model
should be kept ‘as simple as possible but not simpler’. Thus, we
should compare the different alternatives before deciding which
one to use. As it unfortunately often happens in hydrology, most
of the comparisons presented in the literature have been based
on a single catchment, or in the best case on a small number of
them, under rather similar climatic conditions. Two noteworthy
exceptions exist:

e The intercomparison of snowmelt runoff models organized by
the World Meteorological Organization (WMO, 1986), which
compared eleven snow accounting routines (SARs), each used
with a specific precipitation-runoff model, on six catchments
located in different parts of the world. The objective of this
study, which only looked at temperature-index approaches,
was to provide guidance to modellers wishing to use SARs.

e The Snow Model Intercomparison Project (SMIP) launched in
2001 (Essery and Yang, 2001), included more than 20 snow
models, all of them adopting energy and mass budgets
approaches. Some of these snow models were meant to address
a wide range of applications (i.e. not only hydrological forecast-
ing, but also avalanche forecasting, climate modelling or funda-
mental studies of snow physics). Most of the models had large
input data requirements; consequently they were only tested
on a few sites (Etchevers et al., 2004).

1.3. How to account for snow-melt and snow-accumulation processes
in a hydrological model?

The operational application of any hydrological model on a
snow-affected catchment requires the operational hydrologist to
consider several practical questions, relative to the four compo-
nents essential to any catchment-scale snow accounting routine
(see e.g. Ferguson, 1999):

a. Meteorological extrapolation: operational observation net-
works provide point measurements, which must be extrap-
olated to the entire catchment area, taking into account
the particular variability and heterogeneity of mountain
environments (see Charbonneau et al., 1981; WMO, 1986;
Kleme$, 1990; Braun et al., 1994).

b. Computation of snow-melt at a local scale: based on available
measurements, several computational approaches can be
used, usually classified as temperature index or energy bud-
get methods.

c. Integration of snow-melt on the entire snow-covered area:
this point raises the question of distribution in elevation
zones (Bloschl et al,, 1991; WMO, 1986), as well as the
question of snow-covered area’s estimation which can
either be an input data (Anderson, 1973; Martinec and
Rango, 1981) or an internal state of the snow accounting
routine.

d. Snowmelt routing: since the objective of hydrological compu-
tations is to simulate a hydrograph at the outlet of a catch-
ment, the issue of routing the simulated melt must also be
addressed.

In this paper, we will discuss in more detail points b and c,
which have attracted the most attention in the hydrological litera-
ture, although from a practical point of view, the other points are
probably equally important.

1.4. Scope of the paper

In this paper, our objective is to compare existing catchment-
scale snow accounting routines (SARs), in order to evaluate their
respective merits, and to identify the processes which seem neces-
sary (unavoidable) in a SAR. Our aim being to draw as general con-
clusions as possible, we based our analysis on a large set of
catchments specifically assembled for this purpose. Because only
a few observed variables were available for all catchments, it was
not possible to deal here with the purely physically-based energy
balance methods, and we had to limit our analysis to tempera-
ture-index methods.

In Section 2, we detail the data and models used for this com-
parative assessment: the set of 380 catchments, the six SARs and
the two hydrological models. Then, Section 3 describes our model
assessment methodology and discusses the criteria that can be
specifically used to assess the impact of SARs on model perfor-
mance. Last, we present results and draw some conclusions which
will be used as a starting point for the more detailed investigations
presented in the companion paper.

Note that we will not present here the long preliminary work
necessary to regionalise precipitation and temperature data at
the catchment scale, especially to account for altitudinal gradients.
The reader can refer to Valéry (2010), Valéry et al. (2010) for full
information about it. However, what must be kept in mind here
is that all SARs were fed with exactly the same regionalized inputs.

2. Dataset and models
2.1. Dataset

We gathered for this study an international dataset of 380
catchments from four countries (France, Switzerland, Sweden
and Canada). Although we do not claim that this dataset covers
the whole range of snow cover types, we consider that the variety
of snow covers represented here allows drawing general conclu-
sions. Fig. 1 presents the location of the catchments used in this
study, while Table 1 summarizes the dataset’s main characteristics.

Snow amounts differ in the four countries:

In France, 159 catchments are moderately affected by snow (i.e.
less than 10% of their total precipitation falls in the solid form).
These catchments are located on moderate reliefs: the median
range of altitude (AZ) is only 512 m (red’ circles in Fig. 1a). Sixty
more French catchments (blue triangles in Fig. 1a) are located in
zones with much more pronounced reliefs: the French Alps (south-
eastern France), the Pyrenees (south-western France) and the Jura
(East, at the border with Switzerland).

In Switzerland, the 30 available catchments included in this
dataset display strong mountainous influences, being mostly
located at high elevations (the lowest catchment has its median
altitude at 600 m a.s.l.). Their characteristics are quite similar to

! For interpretation of color in Fig. 1, the reader is referred to the web version of
this article.
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Fig. 1. Location of gauging stations in (a) France, (b) Switzerland, (c) Sweden and (d) Canada (Québec).

Table 1

Main characteristics of the 380 catchments form the four countries. Minimum and maximum values are given in each case.
Countries France Switzerland Sweden Canada
Number of catchments 219 30 94 36
Period of data availability 1995-2005 1995-2005 1995-2006 2002-2007
Catchment area (km?) 5-3580 0.5-1085 1-14480 254-15,300
Mean annual precipitation P (mm/yr) 760-2290 1170-2580 560-1110 860-1190
Mean annual streamflow Q (mm/yr) 230-2070 540-2250 160-1330 430-1270
Mean annual potential evaporation PE (mm/yr) 280-720 240-630 220-630 420-620
Mean annual snowfall G (mm/yr) 10-740 50-730 50-510 200-790
Percentage of snowfall (%) 1-51 4-43 8-46 20-35
Catchment median altitude Znyedian (M) 368-2688 600-2580 17-967 50-834
Catchment range of altitude AZ (m) 28-2575 110-2072 2-1053 43-792

the 60 high-elevation French catchments, so the results of these 90
(30 +60) catchments will be analyzed together.

In Sweden, 94 catchments present strong Nordic features. They
are located above latitude of 61.9° North, where the winter season
is well-defined, the catchments being snow-covered most of the
time during this season. Snow influence increases with latitude
and with elevation (the highest catchments are at the border with
Norway).

In Canada, 36 catchments were available in the Province of Qué-
bec, which is affected by the Labrador oceanic current and by a
marked continental climate because of its location in the Eastern
part of the continent. Important contrasts in temperatures charac-
terize the selected Canadian catchments with generally very cold
winter and hot summer. Although there is less relief in Québec
than in the other three countries, catchments are strongly snow-
affected: between 20% and 35% of precipitation falls in solid form
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(Table 1). As a consequence of the absence of important relief in
Québec, these catchments are probably the most homogeneous
in terms of climatic forcing.

During the catchment selection process, we tried to minimize
possible interactions and combination with non-snow related pro-
cesses that could also influence streamflow. Therefore, we avoided
glacierized basins (especially in Switzerland), basins with large lakes
(especially in Sweden), basins with known intercatchment ground-
water flows, and catchments with documented flow diversions.

For most catchments, daily data were available over the 1995-
2005 period, except for Canada where only shorter six-year series
(2002-2007) were available. For each catchment, series of precip-
itation (P), temperature (T) and flow (Q) data were collected. Data
are of generally good quality. Visual inspection of data was made to
check for major mistakes. Catchment areal precipitation and tem-
perature were calculated after regionalizing altitudinal gradients,
as detailed by Valéry (2010) and Valéry et al. (2010). Potential
evapotranspiration (PE) data were estimated using the tempera-
ture-based formulation proposed by Oudin et al. (2005).

2.2. Snow accumulation and melt routines

Six different SARs were tested and compared in this study, each
of them having specific features and particularities (see Table 2).
The reader can refer to the references provided in Table 2 for full
details on these SARs. Further information is also provided by
Valéry (2010).

The six SARs selected for this comparison represent a wide sam-
ple of existing temperature-based SARs. Some, like MOHYSE, are
very simple whereas others, like M_SNE or CEQUEau, are more
complex taking into account in their structures a large number of
snow-processes and different degrees of freedom. These six SARs
have been developed for different environments: CEQUeau is
widely used in Québec (Canada) and sometimes in France, NAM
and HBV are applied in European high-latitude countries and
MORD4 and M_SNE are especially developed for French mountain-
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(a) !ﬁ !ﬂ ,
interception
En Pn

VAN

Es Ps Pn-Ps
Zr(t))riuctlon o II s
Perc Pr
HU1 HU2 ]
«— —

Routing

od

o

|
9 01
o 931 I X ;IGF(GZ) '/VIGF(OZ)
/
Or

Different spatial distributions are considered such as lumped
structures (MOHYSE and MORD4) whereas the majority of the
SARs are distributed by altitudinal bands. As different distributions
can be considered in a SAR, it is important to remind that in this
study every catchment was distributed by altitudinal bands of
equal area. Thus, if five bands of altitude are considered, each rep-
resents 20% of the total catchment area. In the same time, they
have different ranges of altitude.

Comparing to the original versions of these six SARs, the num-
ber of free parameters indicated in Table 2 is not necessarily the
same: some of the less sensitive parameters were fixed after a sen-
sitivity analysis. For instance, the original version of MORD4 con-
siders 10 free parameters: 6 have been fixed with a minimal loss
of performances over the 380 catchments of the sample set (see
Valéry, 2010).

2.3. Precipitation-runoff models used

In this paper, the evaluation of snow accounting routines will
exclusively be based on their ability to contribute to streamflow
simulation at the catchment outlet. Indeed, no snow cover mea-
surements were available to evaluate the relevance of the snow-
pack simulation. Therefore, the six SARs presented above must
necessarily be combined with a hydrological model to simulate
streamflow. To avoid model-specific results, we chose to use two
different precipitation-runoff models (each hydrological model
being successively associated with one of the six SARs). As hydro-
logical models, we used (see structures in Fig. 2):

e The four-parameter GR4] presented by Perrin et al. (2003).

e A nine-parameter lumped version of the HBV model
(Bergstrom, 1995), which is called here HBV9 to avoid confusion
with the original version.

The two models were run at the daily time step and used in
lumped mode, even if some of the snow accounting routines were
distributed in altitudinal bands. The structure and the number of
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Fig. 2. Diagrams of the two precipitation-runoff models used in this study: (a) GR4] and (b) HBV9 (6; are calibrated parameters).



Table 2

Characteristics of the versions of the six snow accounting routines tested here.

SARs Free parameters Internal state Spatial Determination of Melt factor Liquid water Rainfall Ground- Specific additional features
variables discretisation the form of retention and through melt
precipitation refreezing snowpack
(liquid/solid)
MOHYSE (Fortin and 1 - Snowmelt factor 1 - Snowpack Lumped Temperature Calibrated No No No Intentionally simple for teaching
Turcotte, 2007) threshold purposes
CEQUeau (Morin, 1997) 1 - Snowmelt factor 1 - Snowpack Distributed Range of Calibrated + sunshine No Yes No Used in Québec +
by altitudinal temperature
bands
2 - Snowpack ripening 2 - Snowpack cold Subdivision according to the land
temperature content cover (forest, open areas) in the
original version (not accounted
for here)
3 - Cold content factor 3 - Snowpack ripening
index (min value equal
to zero)
HBV (Bergstrom, 1975) 1 - Snowmelt factor 1 - Snowpack Distributed Range of Calibrated Yes No No Used in Sweden +
by altitudinal temperature
bands
2 - Snow correction factor 2 - Liquid water content Correction of snow undercatch
in the snowpack with a free parameter
3 - Cold content factor
NAM (DHI, 2009) 1 - Snowmelt factor 1 - Snowpack Distributed Temperature Calibrated Yes Yes No Used in Norway +
by altitudinal threshold
bands
2 - Liquid water retention 2 - Liquid water Estimation of the percentage of
capacity of the snowpack quantity in the zone covered by snow; no PE acting
snowpack on
snow-covered areas
3 - Snow-covered area 3 - Snow-covered area
threshold percentage
MORD4 (Gargon, 1999) 1 - Snowmelt factor 1 - Snowpack Lumped Range of Calibrated No No Yes Used in French Alps +
temperature
2 - Temperature correction 2 - Snowpack cold Estimation of the percentage of
before the determination of content zone covered by snow; use of
the precipitation form hypsometric curve
3 - Temperature correction 3 - Snowmelt cold
before the snowmelt content
4 - Previous temperature 4 - Snow-covered area
correction for cold content  percentage
computation
M_SNE (Paquet, 2004) 1 - Snowmelt factor 1 - Snowpack Distributed Range of Calibrated Yes No Yes Used in French Alps +
by altitudinal temperature

2 - Snowmelt increase
index

3 - Cold content factor

4 - Refreezing content
factor

5 - Refreezing factor

6 - Factor for snow
precipitation snow on cold
content

7 - Groundmelt factor

bands
2 - Snowpack cold
content

Snowmelt increases when the
snowpack temperature reaches 0 °C
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degrees of freedom differ between GR4J] and HBV9, and this should
confer to our results more generality.

In this study, SARs were used on top of precipitation-runoff
models. P, PE and T data are used as inputs to the SARs which pro-
vide intermediate outputs (rainfall, snowmelt, and remaining PE).
Rainfall and snowmelt are summed to represent the new liquid
precipitation quantity which enters the lumped hydrological
model at every time step.

3. Model assessment methodology
3.1. General assessment methodology

We used the split sample test procedure, a classical calibration/
validation approach (Klemes, 1986). The whole available period of
record was split into two sub-periods alternatively used for cali-
bration and validation. It means that for each catchment, two cal-
ibration and two validation tests were performed, thus providing
results in validation mode on all available data. However, the first
year of each period was used for model warm-up, i.e. the results on
this year were not considered in performance computation.

The parameters of the SAR and the precipitation-runoff model
were optimized simultaneously, using the same local search algo-
rithm as in Edijatno et al. (1999). As the number of parameters
could be quite large in some cases, we made a pre-screening of
the parameter space to identify the most likely zone of conver-
gence, thus providing the initial value for the local search. This
approach allows avoiding most of the secondary optima pitfalls
that the local search alone would be subject to. This was found
by Mathevet (2005) to provide results comparable to more sophis-
ticated global search algorithms for this type of models.

The objective function used was the Nash and Sutcliffe (1970)
efficiency. As we were interested in both high and low flows, the
Nash-Sutcliffe criterion was computed on root-square transformed
streamflow which represents a good trade-off to provide accept-
able results in both cases (Oudin et al., 2006):

ZjN:] (\/ Qobs() — v/ QsimU))z
S (V) — Q)

where Qqp; is the observed daily runoff for the day j (m>/s), Qs is
the simulated daily runoff for the day j (m?/s), and /Q,; is the
mean of transformed (root square) interannual daily value of runoff
for the julian day j, computed on the whole available period of
observation.

All SARs were tested on the whole dataset and with the two
hydrological models, each using exactly the same input data, the
same subdivision in elevation zones (when required) and the same
objective function. In the following, only the results obtained in
validation mode will be discussed, as they are the most represen-
tative of the actual model efficiency. Note that the significance of
the differences in performance was evaluated based on our past
experience in model testing, but statistical tests could also have
been applied (see e.g. Pushpalatha et al., 2011).

NS =1- (1)

3.2. Specific criteria to judge of the efficiency of the SARs

To evaluate model efficiency, we will use the classical Nash-
Sutcliffe criterion computed on all the time steps of the test period
considering the root-square transformed streamflow. It will be
noted NSye,, hereafter. However, the influence of snow on stream-
flow is significant only over a specific period of time in the year.
Therefore the evaluation of SARs may not be well reflected by using
this general criterion. Thus we looked for criteria better adapted to

evaluate streamflow simulation in snow-affected periods. We pro-
pose to distinguish two additional sub-periods of computation:

e The first snow-specific criterion is computed on the half-year
the most influenced by snow. The aim is to assess performance
during both snow-accumulation and snowmelt periods. As all
our catchments are located in the Northern hemisphere, winter
and spring seasons are quite similar between countries. There-
fore the criterion, noted NS, Was computed only over the
six-month period from December 1% to May 31°%. We checked
on our data set that only very few days influenced by snow lied
outside this period.

The second snow-specific criterion, noted NSy,et, focuses on the
snowmelt period, which is often considered to be the most crit-
ical period in terms of modelling as well as in an operational
perspective. Indeed, it is usually shorter than the snow-accumu-
lation period since it seldom lasts more than one month for the
majority of catchments, and can even represent just a few days.
Snowmelt period also greatly varies from one year to another
for a given basin, according to the air temperature variability.
A sub-period of two months was defined for every catchment
depending on its climatic peculiarity. For French catchments
moderately affected by snow, the criterion NS, is computed
from February 1%, to March 31%; for the other catchments, it
is computed from April 1°* to May 31°%. We checked on our data
set that these periods included the majority of snowmelt
events.

Consequently, we worked with three criteria in validation: the
classical Nash-Sutcliffe criterion calculated over the whole year
and the two snow-specific ones described above. These two last
criteria should help discriminating between SARs.

Note that we could have worked with NS0 and NS¢ criteria
calculated only on periods where snow actually has an influence on
streamflow. As we did not have snowpack measurements, it means
that we should have relied on snowpack estimates simulated by
the SAR. However we preferred not to do so, because the evalua-
tion period would depend on the tested SAR, which would end-
up with different evaluation periods between SARs and thus not
comparable results.

As we work on a large dataset, we used a bounded version of the
previously defined NS-type criteria, as proposed by Mathevet et al.
(2006). It is defined by:

NS
€= 2-NS 2)

The transformed values vary between —1 and 1 instead of —co
and 1 for the original criterion. This allows analysing mean values
over the catchment set without being overly sensitive to a few
highly negative performance values for catchments where the
model fails. Note that the bounded version provides lower positive
values than the original ones (e.g. a NS value of 0.8 corresponds to a
bounded value of 0.67).

4. Results
4.1. Overall comparison

Table 3 presents the mean efficiencies over the 380 catchments
obtained in validation by the six SARs combined with the two dif-
ferent hydrological models. As reference, we have also included the
performance of GR4J] and HBV9 without any snow accounting rou-
tine. Several general comments can be made:

e Introducing a snow accounting routine yields a large improve-
ment in modelling efficiency: there is a jump in Cye, criteria
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Table 3

Mean performance over the 380 catchments obtained in validation mode by the two precipitation-runoff models (GR4] and HBV9) without any snow accounting routine and with
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one of the six SARs assessed in this paper (bold values indicate best SAR performance).

Hydrological models

Assessment criteria

SAR option (number of optimized parameters)

No snow routine (-) MOHYSE (1) CEQUeau (3) HBV (3) NAM (3) MORD4 (4) M_SNE (7)
GR4J Cyear 0415 0.640 0.657 0.671 0.668 0.692 0.681
Csnow 0.285 0.580 0.606 0.615 0.633 0.652 0.634
Cinelt 0.157 0.481 0.504 0.535 0.576 0.576 0.547
HBV9 Cyear 0.348 0.560 0.590 0.600 0.543 0.607 0.598
Csnow 0.221 0.504 0.545 0.561 0.516 0.567 0.549
Cinelt 0.122 0.425 0.470 0.493 0.462 0.500 0.485

from 0.415 to at least 0.640 for GR4] (this corresponds to a
change from 0.587 to 0.780 in terms of NS), and from 0.348 to
at least 0.543 for HBV9 (from 0.516 to 0.704 in terms of NS).
Although this jump could be expected, it is true even for the
simplest SAR (MOHYSE) that has a basic structure (snow accu-
mulation below a fixed threshold temperature and melt above
this threshold using a calibrated degree-day factor). The differ-
ences in performance between the SARs are much lower than
between with and without SAR. Therefore including a SAR in
the modelling process seems to have a first-order role on results
while changing the formulation of the SAR has a second-order
role. However, the difference between the poorest and best
SARs remains significant, indicating that it is still worth work-
ing on SAR formulation.

The improvement of performance shows a general positive
trend with increasing complexity of the snow accounting rou-
tine. However, the most parameterized SAR does not yield the
best mean efficiency. The MORD4 SAR (four free parameters)
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is the most efficient whatever the hydrological model and the
criterion. M_SNE, with seven parameters, is only the second
and third most efficient SAR for GR4] and HBV9 respectively.

o The results are generally coherent between criteria: when a SAR

is better than another, this is generally true for all the criteria.
Although this could be expected as calculation periods overlap
for the three criteria, it means that the improvement gained
on some periods is not cancelled by degradation on others,
which stresses the coherence of SARs throughout the year.

o When ranking SARs by increasing performance, the differences

between two consecutive SARs are not that large (though most
of the time it is significant since we are working on a large data-
set). These limited differences may partly explain why the rank-
ing is not exactly the same when using the two different
hydrological models. This may also be partly due to the interac-
tions between the SAR and the model itself. It is likely that the
two parts interact to some extent during the calibration process.
Although model-dependent to some extent, the results show
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Fig. 3. Box plots (showing 0.10, 0.25, 0.50, 0.75 and 0.90 percentiles) of the distributions of Cner criteria obtained in validation by the GR4] model without any SAR and with
one of the six SARs on (a) the 159 moderately snow-affected French catchments, (b) the 90 Swiss and French Alpine catchments, (c) the 94 Swedish catchments and (d) the 36
Canadian catchments.
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that the three best SARs are the same for the two models
(MORD4, HBV and M_SNE). The added value of these SARs
may therefore be quite general. Note that results are the same
for Cper for NAM and MORD4 SARs when combined with
GR4J. It means that these two SARs provide equivalent results
for the melting period. However, MORDA4 provides better results
with Cspow, Showing that it better simulates the accumulation
period than NAM.

4.2. Can we identify physical/regional trends in the performance of the
six snow accounting routines?

In order to check whether there might be regional differences in
the ranking of SARs, we present in Fig. 3 plots on each of the catch-
ment subsets identified in Section 2.1. We used here the Cpe¢ Cri-
terion, but similar results would be obtained with the other
criteria. Several comments can be made.

In Sweden (Fig. 3c), GR4] obtains the best efficiency when com-
bined with the NAM SAR. The NAM routine is the only SAR which
considers both subdivision into elevation zones and percentage of
snow-covered area on each zone to simulate the spatial variation
of the snowpack.

For the Swiss and French alpine catchments (Fig. 3b), GR4] pre-
sents the best distribution of Cye; values when using MORDA4.
NAM and M_SNE SARs also yield quite high efficiency criteria even
if they are slightly below. It is quite unexpected to observe that a
lumped approach is the most efficient SAR on mountainous catch-
ments (Swiss and French alpine catchments have the most impor-
tant reliefs). In the same time, it should be highlighted that MORD4
has been especially developed to be applied on French high moun-
tainous catchments.
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In Canada (Fig. 3d), MORD4 is again the SAR with the best dis-
tribution of Cy,ej values. NAM presents similar values for high per-
centiles (0.90 and 0.75) but seems a bit less robust. The lumped
approach MORDA4 is also very efficient for non-mountainous catch-
ments, but which are strongly snow-affected.

On the moderately snow-affected French catchments (Fig. 3a),
MORD4, NAM, HBV and M_SNE present similarly high performance
distributions. MOHYSE and CEQUeau are not as efficient. Perfor-
mances are clearly sensitive to the presence of a function account-
ing for snowpack maturing (MORD4, NAM, HBV and M_SNE have
specific components in this aim). The poor efficiency of the
CEQUeau routine is quite surprising since it is of complexity simi-
lar to the HBV or the NAM routines (three free parameters).
CEQUeau seems more efficient on catchments where the snow pro-
cesses dominate streamflow patterns (Sweden and Canada), even if
it is not the most efficient snow accounting routine on them. It can
be linked with the fact that CEQUeau has been first developed to be
applied in such environment, in Québec.

Fig. 4 presents results obtained with the HBV9 hydrological
model. It shows that:

o In Sweden, NAM is still one of the most efficient snow account-
ing routine in terms of distribution of performances. Neverthe-
less, MORD4 and CEQUeau’s distributions become closer to the
NAM'’s than with GR4] model.

o In Canada, CEQUeau shows the best distribution of performance
among all the SARs. M_SNE and MORD4 present similar high
values for their high percentiles (0.90 and 0.75).

o In Switzerland and France, results are quite different than is the
case of the GR4] model. The HBV SAR shows an important
improvement in terms of performance distributions, which
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Fig. 4. Box plots (showing 0.10, 0.25, 0.50, 0.75 and 0.90 percentiles) of the distributions of Cye criteria obtained in validation by the HBV9 model without any SAR and with
one of the six SARs on (a) the 159 moderately snow-affected French catchments, (b) the 90 Swiss and French Alpine catchments, (c) the 94 Swedish catchments and (d) the 36

Canadian catchments.
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Fig. 5. 0.10, 0.25, 0.50, 0.75 and 0.90 percentiles of Gy Obtained by three SARs, MORD4, HBV and HBV_bis (where the solid precipitation correction has been neutralized),
with the HBV9 model on (a) French moderately snow-affected catchments (159 basins) and (b) Swiss and French alpine catchments (30 + 60 basins).

Table 4
Number of catchments for which Cpy,eic has the highest value for each of the six tested
SARs.

MOHYSE CEQUeau HBV NAM MORD4 M_SNE Total
GR4J 6 24 67 135 96 52 380
HBV9 14 46 93 78 89 60 380

are even better than other routines for low percentiles and
median values. The HBV SAR is the only one which allows a cor-
rection of solid precipitation, and so a modification of the pre-
cipitation input. HBV9 model can use this parameter to solve
water balance issues: it is a way to increase or decrease total
input precipitation, and try to fulfill the water balance equation.
This additional function is not so important in Sweden and Can-
ada where the water balance is less problematic. In order to bet-
ter understand how the HBV9 interacts with the snow
accounting routine, we tested a version of the HBV SAR without
correction of solid precipitation (HBV_bis). Fig. 5 shows that
there is no longer improvement in performance compared to
MORD4-SAR.

5. Conclusions
5.1. Synthesis

In this paper, we tested six different snow accounting routines,
over a dataset of 380 catchments spread over four countries. None
of the six SARs tested presents the best performances on the four
sub-datasets. Nevertheless, some of them often appear efficient
(and robust) in a majority of climatic and hydrological conditions,
like MORD4 and, in a second rank, NAM and HBV (Table 4).

From the analysis of the results of this large-scale comparison,
we can identify several key-issues:

o It appears particularly important to consider a range of temper-
atures to determine the form of precipitation rather than a sin-
gle temperature threshold (like in MOHYSE). Several solutions
exist for this: introducing an absolute range of temperature
determined a priori (CEQUeau, MORD4, M_SNE) or calibrating
a free parameter(s) (HBV), or using minimal and maximal air
temperature rather than daily mean temperature (Leavesley
and Stannard, 1995; Turcotte et al., 2007).

e The question whether a subdivision in elevation zones and/or
an introduction of the snowpack variability (percentage of
snow-covered area) is needed requires a more detailed assess-
ment, because we found surprising results. Indeed, it is com-
monly accepted that, as soon as we work on snow-affected
catchments with high reliefs, distributed approaches become
superior (Ferguson, 1999; WMO, 1986). Nevertheless, MORD4
is a lumped SAR which has most of the time better mean perfor-
mances than distributed SARs, especially in our catchments
with the most important mountainous features (Switzerland
and French alpine catchments). Two snow accounting routines
introduce a computation of snow-covered percentage (MORD4
and NAM) and show very good efficiency (especially for Cpert
criterion, when associated with GR4] hydrological model).

e The issue of the level of complexity required in order to account
for internal snowpack processes is not clear. Except MOHYSE
which is a very simplistic snow accounting routine, other rou-
tines choose different and specific approaches to account for
delay in snowmelt due to snowpack inertia. Some of them con-
sider liquid water retention (HBV, NAM), others only accept
refreezing of snowmelt without any liquid storage through time
steps (M_SNE). Others “play” with temperatures index and
comparisons between air temperature and snowpack tempera-
ture index (MORD4).

e Our results clearly show the potentially dangerous aspects of a
free parameter such as the solid precipitation correction factor
in the HBV-SAR. Some models can use this function in a differ-
ent way to correct the whole water balance, and not only the
snow undercatch. Modellers should keep in mind the risk of
possible compensation and have to be very careful about the
degree of freedom they finally allow for automatic calibration.

5.2. Perspectives

There are many existing snow accounting routines in the hydro-
logic literature, with very different degrees of complexity. Our
results show that a selection of six SARs leads to complex results
in terms of performance: none of them is better than the others
in every situation (for all catchments) and with all hydrological
models. In the contrary, it seems that some SARs are good in some
specific environments and inversely worse than others in different
conditions.
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Although we believe that this intercomparison was very
instructive, it is not enough to identify the predominant compo-
nents which would have to be taken into account even in a mini-
malist snow accounting routine. To reach this goal, we will set
up, in a companion paper, an exhaustive and systematic assess-
ment of increasingly complex SARs, which we will assess on the
data set gathered for this study.

A complementary analysis (not shown here) indicates that the
similarity between models’ behavior in terms of flow simulation
does not imply similarity of internal state variables of snow
accounting processes. This means that the various internal model
states can compensate to provide similar simulations between
models. It would be very useful to test these SARs using auxiliary
observations of snow cover, like those provided by MODIS observa-
tions (see e.g. Thirel et al.,, 2013), which would give additional
insights on the reliability of the modelled snow processes.
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