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Abstract

In Belgium, most flood events occur in winter as a result of intense precipita-
tion events but also through the abrupt melting of the snowpack that covers
the Ardennes summits. These conditions favourable to floods exhibit a
decreasing trend over 1959-2010 resulting from the reduction in snow accu-
mulation, although extreme precipitation events show a positive, albeit non-
significant signal. In this study, the evolution of these trends in warmer cli-
mates is investigated by using future projections performed with the regional
climate model MAR (‘Modele Atmosphérique Régional’) forced by two global
models NorESM1-M and MIROCS5 under the RCP8.5 scenario. These models
were selected from the CMIP5 archive after evaluation of their ability to repre-
sent the current (1976-2005) mean climate over Europe. By the end of the cen-
tury, the results show an acceleration of the snow depletion resulting in fewer
snowmelt-associated flood risk days depending on the warming rate from the
global models forcing MAR. Regarding the impact of the evolution of extreme
precipitation events on hydroclimatic conditions favouring floods, no signifi-
cant change was found although these trends are subject to uncertainties due
to model physics and natural variability.
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influences its discharge due to its buffering effect
(Driessen et al., 2010). The Ourthe River reaches its peak

Flow regimes in Belgian catchments are generally domi-
nated by rainfall (pluvial) rather than snowfall, although
snowmelt can be a major component of the regime for
catchments that drain the Ardennes massif such as the
Ourthe catchment. The Ourthe River is one of the main
tributaries of the Meuse River, with a catchment area of
about 3,500km?* (Pauquet and Petit, 1993). While the
Ourthe River is mainly rain-fed, the snowpack that
covers the Ardennes summits during winter also

either in winter or in spring when the snowpack is melt-
ing. In the Ourthe catchment, 70% of flood events occur
during the winter months (December, January and Feb-
ruary; Wyard et al., 2017). About half of the observed
floods are due to abundant rainfall alone. However, the
rapid melting of the snowpack in the Ardennes, com-
bined with heavy rainfall events, are responsible for
major floods in the lower part of the Ourthe River, as it
was the case in February 1984, March 1988, December
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1991 and more recently, in January 2002 and January
2011 (Pauquet and Petit, 1993; de Wit et al., 2007). In a
changing climate, hydroclimatic conditions favouring
floods in the Ourthe catchment are therefore likely to be
affected by changes in both snow cover and precipitation
amount.

Global warming is already affecting snow and ice pro-
cesses by reducing the amount of snowfall, the extent of
the annual average snow cover and snow depth, and by
inducing earlier snowmelt in various European regions
such as the Alps (Durand et al, 2009; Valt and
Cianfarra, 2010; Beniston, 2012), Britain (Kay, 2016),
Norway (Skaugen et al., 2012; Dyrrdal et al., 2013) or
Eastern Europe (Falarz, 2004; Brown and Petkova, 2007;
Birsan and Dumitrescu, 2014). This declining snow cover
is responsible for a decrease in the intensity and in the
frequency of the floods dominated by snowmelt, which is
predicted to accelerate in the future (Madsen et al., 2014;
Bell et al., 2016; Vormoor et al., 2016). Belgian highlands
are no exception to the trend, since their current mean
winter temperatures, just close to the freezing point,
imply that they will be more affected by rising tempera-
tures than colder or warmer regions (Hamlet and
Lettenmaier, 2007; Stewart, 2009). By the use of model-
ling, Wyard et al. (2017) found that for the Ardennes the
maximum snow height lowered by 5-15 cm/52 years over
1959-2010. Further, the number of days with at least
5 cm of snow accumulation declined by up to
—15 days/52 years, and in the highest parts of the Ourthe
catchment the onset of the snow season was delayed by
up to —60 days with respect to the 1960s. The conse-
quence of such a decline in the Belgian seasonal snow
cover is a significant decrease in snowmelt driven floods
by —0.1days winter' over 1959-2010 (Wyard
et al., 2017). It should be noted that this declining snow
cover may also affect water management, biodiversity
and tourism activities of High Belgium.

Regarding precipitation amount and extremes during
winter, studies based either on observations (Gellens, 2000;
Vaes and Willems, 2002; De Jongh et al., 2006; Ntegeka
and Willems, 2008; Willems, 2013a, 2013b; RMIB, 2015) or
modelling (Wyard et al., 2017) found no significant long-
term trend over the last century in any part of the Belgian
territory. Nevertheless, these studies identify multidecadal
oscillations characterized by drier periods in the 1900s,
around 1920 and in the mid-1970s (De Jongh et al., 2006;
Willems, 2013a, 2013b), alternating with wetter periods in
the 1910-1920s, the 1950-1960s and in the 1990-2000s
(Ntegeka and Willems, 2008; Willems, 2013a, 2013b), that
coincide with the decadal variations of the North Atlantic
Oscillation (NAO). Accordingly, hydroclimatic conditions
favourable to floods induced by heavy rainfall alone show
no significant long-term trend in the Ourthe catchment

over 1959-2010 alternating with wetter periods (Wyard
et al., 2017), yet follow the same decadal oscillations as the
NAO. Natural variability in the large scale atmospheric cir-
culation can therefore play an important role on the winter
time climate response to increasing greenhouse gas
concentrations.

In the future, despite large uncertainties due to the
internal variability of the climate system (Hawkins and
Sutton, 2009; Hawkins and Sutton, 2011; Deser, Knutti,
et al., 2012a; Deser, Phillips, et al., 2012b; Prein and
Pendergrass, 2019), the decline in seasonal snow cover is
predicted to continue while the global hydrological cycle
is expected to intensify (Vaughan et al., 2013). For Bel-
gium, studies using regional climate models (RCM)
forced by ensemble simulations from the Coupled Models
Intercomparison Project phase 5 (CMIP5) archive (Tabari
et al., 2015) and by downscaled atmosphere—ocean gen-
eral circulation models (AOGCM) (Brouwers et al., 2015;
Saeed et al.,, 2017; Vanden Broucke et al., 2018) con-
cluded that under the RCPS8.5 scenario, the intensifica-
tion of the hydrological cycle would lead to increasing
precipitation amounts, as well as more frequent and
more intense extreme precipitation events in winter by
the end of the 21% century. For the Ourthe River,
Driessen et al. (2010) concluded that ‘towards the end of
the century, all scenarios show a decrease in summer dis-
charge, partially because of the diminished buffering effect
by the snow pack, and an increased discharge in winter’.
Regarding hydroclimatic conditions favouring floods in
the Ourthe catchment, it is expected (despite the absence
of high resolution projections for snow cover in Belgium)
that the decline due to the decreasing snow cover will
continue in the future, while conditions favourable to
floods due to abundant rainfall alone would increase
significantly.

This study aims to assess the impact of climate
change on the winter climate of Belgium and its conse-
quences on hydroclimatic conditions favourable to floods
in the Ourthe catchment. This investigation is achieved
by using high-resolution projections of snow cover and
precipitation. Such projections were obtained by down-
scaling two AOGCMs, NorESM1-M and MIROCS, from
the CMIP5 archive wusing the MAR (‘Modéle
Atmosphérique Régional’) RCM. By contrast to AOGCMs
whose typical resolution is approximately 40-200km,
RCMs run over a limited area, with dedicated physics at
finer spatial resolution (down to 5km for MAR). The rep-
resentation of orographic features is a key factor for the
simulation of temperature, precipitation and snow as the
latter depends on the 0°C isotherm location and eleva-
tion. The orography of Belgium, which ranges from sea
level to about 700ma.s.l., is known to have a clear barrier
effect on precipitation averages (Journée et al., 2015;
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Erpicum et al., 2018) and associated extremes (Sneyers et
al.,1989; van Meijgaard,1995; Brisson et al., 2011; van de
Vyver, 2012; Zamani et al., 2016; Wyard et al., 2017).
Moreover, snow processes are usually not accounted for
in AOGCMs, whereas they are included in some RCMs
such as MAR. The ability of MAR to simulate the current
winter climate of Belgium in terms of seasonal snow
cover, precipitation extremes and hydroclimatic condi-
tions favouring floods has been evaluated in Wyard et al.
(2017), showing that MAR allows the detection of more
than 90% of the observed floods in the Ourthe catchment
over 1974-2014.

This paper is organized as follows: Section 2 provides
some methodological aspects such as the RCM MAR and
its forcing data. Section 3 details the evaluation of MAR
forced by two AOGCMs over 1976-2005 using historical
runs, and assesses the evolution of the Belgian winter cli-
mate under the RCP8.5 scenario throughout the 21* cen-
tury. More specifically, Section 3.4 presents the trends for
the hydroclimatic conditions favouring floods in the
Ourthe catchment. The results are then discussed in Sec-
tion 4. Conclusions and prospects are finally reported in
Section 5.

2 | METHODS

21 | The MAR model

The RCM used in this study is the MAR model which,
although being initially designed for polar regions
(Gallée and Schayes, 1994) such as Greenland (Fettweis
et al., 2013) or Antarctica (Kittel et al., 2018), was
recently adapted and applied to the temperate climate
of Belgium (Fettweis et al., 2017; Wyard et al., 2017,
2018; Doutreloup et al., 2019a, 2019b). MAR is a hydro-
static primitive equation model in which convection is
parametrized according to Bechtold et al. (2001). The
atmospheric part of MAR is fully described in Gallée
and Schayes (1994) and Gallée (1995). Furthermore,
MAR is coupled to the 1-D surface vegetation atmo-
sphere transfer scheme SISVAT (Soil Ice Snow Vegeta-
tion Atmosphere Transfer) which is detailed in De
Ridder and Gallée (1998). The snow-ice part of SISVAT

TABLE 1 Simulations performed Short name
with MAR for the use of this study
MAR-ERA
MAR-MIR-histo
MAR-MIR-rcp85
MAR-NOR-histo

MAR-NOR-rcp85

of Climatology

is the snow model CROCUS from the CEN (Centre
d'Etudes de la Neige) described in Brun et al. (1992).
The MAR-SISVAT coupling allows the consideration of
three sub-pixel surface characteristics for a given MAR
pixel. The coupling also allows interaction between sur-
face and atmosphere (energy and moisture transfers),
snow accumulation and snow melting on the surface,
water percolation into the soil/snow and run-off of
exceeding water.

Simulations were performed at a resolution of 5 km
over a domain of 120x110 pixels centred on (4.3°W;
50.4°N; see Figure S1). Boundary conditions (tempera-
ture, wind, humidity and pressure at each vertical level
of MAR, and sea surface temperature) were provided
every 6 hr to MAR from reanalyses or global models. In
this study, the version 3.8 of MAR is used as in Wyard
et al. (2018). Compared with MARv3.6, which was used
in Wyard et al. (2017), MARv3.8 delays the onset of pre-
cipitation and hence increases the cloud cover which was
underestimated in MARv3.6 (Wyard et al., 2017). In addi-
tion, in order to reduce the warm bias found in MARV3.6
in summer, the convective scheme is called twice as often
in MARv3.8 than in MARv3.6, so that convective clouds
can reside longer in the atmosphere before precipitating
(Fettweis et al., 2017; Wyard et al., 2018). Finally, in
MARv3.8 the vegetation seasonality is also better repre-
sented by using daily Leaf Area Index (LAI) and Green
Leaf Fraction (GLF) from the MERRA-2 reanalysis
(Gelaro et al., 2017), as opposed to MARV3.6 which used
monthly values.

2.2 | Forcing data

The simulations performed using MAR are listed in
Table 1. Projections (2071-2100) under the RCP8.5 sce-
nario were obtained by initializing the boundaries of
MAR with output from two AOGCMs: the Norwegian
Climate Center's Earth System Model (NorESM1-M)
(Iversen et al., 2012; Bentsen et al., 2013), and the Japa-
nese research community’s Model for Interdisciplinary
Research On Climate Version Five (MIROC5) (Watanabe
et al., 2010). These simulations are referred to as MAR-
NOR-rcp85 and MAR-MIR-rcp85 hereafter.

Run type Forcing Run period
Historical ERA40/ERA-interim 1976-2005
Historical MIROCS5-histo 1976-2005
Projection MIROC5-rcp85 2006-2100
Historical NorESM1-M-histo 1976-2005
Projection NorESM1-M-rcp85 2006-2100
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For the historical period (1976-2005), simulations
were also performed using the ERA-Interim reanalysis
from the European Centre for Medium-Range Weather
Forecasts (ECMWF) as lateral boundary conditions, with
the aim of having a reference simulation against which
the output of MAR forced by the two AOGCMs can be
compared. These simulations are referred to as MAR-
ERA, MAR-NOR-histo and MAR-MIR-histo hereafter.

Both NorESM1-M and MIROCS5 were selected from
the CMIP5 multi-model archive (https://pcmdi.llnl.gov/),
World Climate Research Program's (WCRP's) coordi-
nated experimental framework which provided the stan-
dardized model dataset for the IPCC fifth Assessment
Report (ARS5). Further information regarding the CMIP5
protocol can be found in Taylor et al. (2012).

2.3 | CMIP5 AOGCM selection

For this study, NorESM1-M and MIROCS5 were selected
because they were identified as part of the most suited
AOGCMs to represent the current mean (1976-2005) cli-
mate over Europe. It is well known that the ability of a
GCM to model the general atmospheric circulation and
surface conditions must be assessed before downscaling
(e.g., Brands et al., 2013; Perez et al., 2014; McSweeney
et al., 2015). The assessment of suitable CMIP5 models
was conducted by comparing all 30 CMIP5-AR5 models
applying the ‘skill score’ methodology. The statistical
classification used and discussed by Connolley and
Bracegirdle (2007), and based on the probabilistic
approach of Murphy et al. (2004), aims to measure the
likelihood of a model to being within the range of the
observations. First, a value is calculated for the root mean
square (RMS) deviation of the multi-annual (1976-2005)
averaged model field from the multi-annual observed
field (based on ERA-Interim here), before being normal-
ized by a measure of the variability of the field. This nor-
malized value (RMS,,) is then rescaled into a weight (W)
via the equation:

W=exp(—0.5XRMS,?)

W represents a ‘score’ between 0 and 1, which can be reg-
arded as an estimate of the AOGCM ‘skill’ to adequately sim-
ulate the climatological mean state over the considered
period.

Skill scores were calculated for a number of climate var-
iables, which were selected to represent the free atmosphere
behaviours impacting the MAR results at its lateral bound-
aries (Table S1): 500 hPa wind speed (UV500), 700 hPa
wind speed (UV700), 500 hPa geopotential height (Z500),

700 hPa geopotential height (Z700), 850 hPa air tempera-
ture in winter (T)g850), and 850 hPa air temperature in
summer (Ty;54850). Following the methodology of Murphy
et al. (2004), RMS is normalized globally rather than
pointwise, that is, the spatial average of the RMS is scaled
by the spatial average of the observations temporal variabil-
ity. As pointed out by Connolley and Bracegirdle (2007), all
the aforementioned choices imply that the method cannot
be fully objective. Nonetheless, this approach provides the
advantage of rating the models in terms of individual vari-
ables, which facilitates the choice of selecting one model
over another, depending on the use case of the models and
what aspect of the climate is analysed. Agosta et al. (2015)
showed that the ranking of the CMIP5 AOCGMs was not
significantly influenced by multi-decadal variability. Our
skill score analysis revealed that, despite a strong variability
among the skill scores, NorESM1-M and MIROCS skill
scores are among the highest (Table S1). In addition, these
two AOGCMs have the advantage that the MAR pre-
processing tool was already adapted to their outputs
(Fettweis et al., 2013; Lang et al., 2015).

2.4 | Hydroclimatic conditions
favourable to floods

Hydroclimatic conditions favouring floods were com-
puted for the Ourthe catchment upstream of Sauheid (see
Figure S1). This part of the catchment has an area of
2,900 km? and its limits are drawn in dark blue in
Figures 1-3 and in Figures S1-S5.

As explained in Wyard et al. (2017), a day was defined
as favourable to floods if the run-off computed by MAR,
integrated and averaged over the Ourthe catchment area
and finally averaged over the 2 days preceding the flood
event, is larger than its 95th percentile computed over
the 30-year reference period (1976-2005). In fact, the use
of this criterion has allowed to detect up to 90% of the
hydroclimatic conditions which effectively generated
observed floods in the Ourthe River over the period
1974-2014 (Wyard et al., 2017). In addition, the distinc-
tion between extreme run-off events generated by snow-
melt combined with rainfall (Snowmelt-dominated Flood
Days [SFD]) and extreme run-off events generated by
heavy rainfall only (Rainfall-dominated Flood Days
[RFD]) was applied. The total number of days favourable
to floods (TFD) is the sum of SFD and RFD.

3 | RESULTS

The first aim of this section is to evaluate the ability of
MAR forced by two AOGCMs selected from the CMIP5
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FIGURE 1 (top) Present-day anomalies of MAR forced by

NorESM1-M and MIROCS5 with respect to MAR forced by ERA40/
ERA-interim during the winter months (December-January-
February) over 1976-2005 regarding (a, c) the mean winter
temperature, (b, d) the number of winter frost days. (bottom)
Future changes simulated by MAR forced by NorESM1-M and
MIROCS5 over 2071-2100 during the winter months (December-
January-February) with respect to 1976-2005 regarding (e, g) the
mean winter temperature, (f, h) the number of winter frost days.
Stippling pixels indicate anomalies/changes that are statistically
nonsignificant with respect to the interannual variability of the
reference field [Colour figure can be viewed at
wileyonlinelibrary.com]

archive, NorESM1-M and MIROCS5, to simulate the
present-day climate over Belgium during the winter
months (December, January and February). A good repre-
sentation of the current climate is a necessary condition to
reliably and more realistically simulate future climate
change, since the response of the climate variables to a

of Climatology

warming is not linear and could be impacted by their
biases over current climate (Fettweis et al., 2013). In order
to evaluate the reliability of MAR forced by NorESM1-M
and MIROCS, the climatic mean of both MAR-NOR-histo
and MAR-MIR-histo is compared to MAR-ERA over
1976-2005 by evaluating temperature, precipitation, snow
cover and conditions favourable to floods.

The second aim is to assess the evolution of the Belgian
climate during the winter months by the end of the 21% cen-
tury under the RCP8.5 scenario. Changes in the future Bel-
gian climate were assessed by comparing the 2071-2100
mean winter climate computed by MAR-NOR-rcp85 and
MAR-MIR-rcp85 to the 1976-2005 mean winter climate
computed by MAR-NOR-histo and MAR-MIR-histo.

As previously done in Fettweis et al. (2013) and in
IPCC ARS, the significance of anomalies over current cli-
mate was assessed by comparing them to the interannual
variability (standard deviation) of MAR-ERA over
1976-2005, while the significance of projected changes
was assessed by comparing them to the interannual vari-
ability of MAR-NOR-histo and MAR-MIR-histo over
1976-2005. These statistical tests are t-test at 0.1 level of
significance because temperature and precipitation can
be regarded as normally distributed quantities, as shown
by Dupriez and Sneyers (1978) or de Jongh et al. (2006).

3.1 | Winter temperature
The seasonal climatology of the mean winter temperature
and the number of winter frost days computed over
1976-2005 from MAR-ERA is displayed in Figure S2. Com-
pared to this reference climatology, MAR-NOR-histo signifi-
cantly overestimates mean winter temperature by up to
+3°C (Figure 1a). Such anomalies are large compared to
the 1976-2005 mean winter temperature simulated by
MAR-ERA, which ranges from —1 to 4°C (Figure S2a). The
number of winter frost days, defined as the number of days
with daily minimum temperature below 0°C, is significantly
underestimated in MAR-NOR-histo by —10 days winter '
in Low Belgium (part of the country where elevation above
sea level [z] does not exceed 100 m) and by —25 days
winter™! in the highest parts of the Ardennes massif
(Figure 1b). These anomalies are also large compared to the
1976-2005 winter frost days simulated by MAR-ERA, which
range from 30 to 70 days winter ' (Figure S2b). MAR-MIR-
histo, for its part, shows non-significant anomalies in mean
winter temperature (Figure 1c), while the number of winter
frost days is significantly overestimated in Low and Middle
Belgium (part of the country where 100 m < z < 300 m) by
+10 to +15 days winter ™ (Figure 1d).

For the end of the 21* century, MAR-MIR-rcp85 pro-
duces larger changes in temperature than MAR-NOR-
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rcp85 with respect to the present-day climate (Figure 1e,
g), and projected changes are larger than the anomalies
over the present-day climate. The 2071-2100 mean win-
ter temperature computed by MAR-NOR-rcp85 exhibits a
significant increase by +3°C over the entire Belgian terri-
tory with respect to 1976-2005 (Figure le). These values
range from +3 to +4.5°C for MAR-MIR-rcp85 (Figure 1g)
depending on the topography and, on the distance to the
North Sea with shorter distances experiencing smaller
warming. The results also show a significant decrease in
the number of winter frost days by —15 days winter " in
coastal regions and by —25 days winter " in the highest
parts of Belgium for MAR-MIR-rcp85 (Figure 1h). MAR-
NOR-rcp85, for its part, exhibits a decrease between —10
and —20 days winter ™ (Figure 1f).

High-resolution simulations performed with COSMO-
CLM and ALARO project more important changes
(Brouwers et al., 2015). Under RCPS.5, these RCMs show a
significant increase in mean winter temperature valued at
+6.2°C for Uccle, Middle Belgium, by the end of the century.

3.2 | Winter precipitation

Compared to MAR-ERA, MAR-NOR-histo is wetter while
MAR-MIR-histo is drier over 1976-2005 (Figures 2 and
S3). MAR-NOR-histo shows significant positive

anomalies in total winter precipitation over the Ardennes
massif, ranging from +40 to +140 mm winter " (Fig-
ure 2a), mainly due to an excess in rainfall (liquid part of
total precipitation; Figure 2b). Regarding the intensity of
extreme precipitation events in winter (the 95th percen-
tile of the daily precipitation amount in winter as defined
in Wyard et al. (2017)) and the frequency of extreme pre-
cipitation events in winter (the number of days with daily
precipitation amount larger than its 95th percentile over
1976-2005), MAR-NOR-histo shows no significant bias in
either of these two variables with respect to MAR-ERA (-
Figure S4b,c). By contrast, the amount of convective pre-
cipitation is overestimated in MAR-NOR-histo compared
to MAR-ERA, with anomalies ranging from +10 to
50 mm winter™" (Figure S4a). MAR-MIR-histo displays
the opposite behaviour by simulating too little total
winter precipitation over the entire Belgian territory
except for coastal regions, with respect to MAR-ERA.
These anomalies range from —20 to —160 mm winter '
(Figure 2d) and result from a failure of MAR-MIR-histo
to produce enough rainfall (Figure 2e). In terms of
extreme precipitation event intensity, MAR-MIR-histo
significantly underestimates it over the southern and
the north-eastern parts of Belgium, with anomalies
ranging from -1 to more than —6 mm day ' (-
Figure S4e). It should be noted that the anomalies in
total winter precipitation, rainfall and extreme event
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intensity are the largest in south-western foothills of
the Ardennes massif, which is the direction from which
most of the winter perturbations originate from. As
temperature is underestimated in MAR-MIR-histo with
respect to MAR-ERA (Figure 1c), this suggests that sat-
uration is not reached in this part of the country due to
a lack of humidity.

By comparing the 2071-2100 mean climate to the
1976-2005 mean climate, both  MAR-NOR-rcp85 and
MAR-MIR-rcp85 agree on a significant decrease in the
amount of snowfall (solid part of total precipitation) over
the Ardennes massif, with values ranging from —20 to
—80 mm winter™'(Figure 2i,1). This represents a decrease
from —50 to —70% winter™' compared to 1976-2005. This
important depletion in snowfall is not counterbalanced
by any substantial increase in rainfall, as both MAR sim-
ulations project no significant change in rainfall over the
Ardennes massif (Figure 2h,k). MAR-NOR-rcp85 simu-
lates significantly higher rainfall over coastal regions
only, ranging from +40 to +70 mm winter ', which rep-
resents an increase between +20 and +50% winter '
(Figure 2h). In addition, MAR-NOR-rcp85 and MAR-
MIR-rcp85 also agree on significantly higher convective
precipitation in winter, as shown in Figure S4g,j,
although the changes simulated by MAR-NOR-rcp85 are
smaller than the anomalies over present-day climate
(Figure S4a,g). Regarding changes in extreme precipita-
tion events, only MAR-NOR-rcp85 simulates a significant
increase in their intensity (from +10 to +40%) and in
their frequency (between +1 and +2 days winter ',
i.e., +40 to +80% winter_l), and only over very limited
parts of northern Belgium (Figure S4h) and coastal
regions (Figure S4i), respectively.

Over western Europe, Aalbers et al.(2018) show that a
regional downscaling of a 16-member initial-condition
ensemble using the RCM RACMO?2 driven by the GCM
EC-EARTH 2.3 simulates a significant intensification of
mean and extreme precipitation in winter (despite a
strong internal variability). They also show that mean
and extreme precipitation increase with the same rate of
change with global warming. Tabari et al.(2015) show
that ensemble simulations from CMIP5 exhibit an
increase in total winter precipitation valued at
+19.62+21.64% over Belgium. Using high resolution
future projections over Belgium, Brouwers et al.(2015)
simulate an increase in total winter precipitation of +38%
winter™! over central Belgium. These changes are in the
range of the changes simulated by MAR-NOR-rcp85 (but
non-significant over central Belgium). However, the sig-
nificance of these changes is not discussed in both of the
previously mentioned studies. As in MAR-NOR-rcp85,
this increase is expected to be greater in coastal regions.
Brouwers et al.(2015) stated that this coastal effect is
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greatly dependent on the interaction between changes in
air currents, the temperature contrast between land and
sea, and the increase in temperature. For instance, the
models that predict the greatest increase in precipitation
near the coast are also those with the greatest tempera-
ture gradient between the North Sea and land (Brouwers
et al.,2015). According to MAR-NOR-rcp85, Saeed et al.
(2017), using the COSMO-CLM RCM forced by the EC-
EARTH model, simulated a significant increase (using a
t-test at the 0.01 level of significance) in the intensity of
extreme precipitation events by mid-century (2060-2069),
which is predicted to continue beyond this period
(Brouwers et al.,2015). Vanden Broucke et al. (2018) also
found a significant increase (using a t-test at the 0.01
level of significance) in both the frequency and the inten-
sity of extreme daily precipitation accumulation by the
end of the 21% century. This amplification is again
expected to be the largest in coastal regions. Compared to
these studies, the changes in extreme precipitation events
projected by MAR are less important. As discussed in
Section 4, this may result from AOGCMs used to force
RCMs and/or from limitations in the physics of MAR for
simulation of convective precipitation.

3.3 | Winter snow cover

Compared to the 1976-2005 climatology computed from
MAR-ERA (Figure S5), both MAR-NOR-histo and MAR-
MIR-histo show non-significant anomalies over most
parts of Belgium (Figure 3). MAR-MIR-histo significantly
overestimates daily mean and maximum snow height
only over the lowest part of Belgium with anomalies
ranging from +3 to more than +5 cm (Figure 3d,e),
whereas MAR-ERA simulates average daily maximum
snow height values up to 5 cm (Figure S5c). Since only
rainfall anomalies are significant, and since the pattern
of the anomalies in daily maximum snow height is com-
parable to the anomalies in winter frost days (Figure 1d),
it may be concluded that the overestimation of daily max-
imum snow height over Low Belgium is mainly driven by
the underestimation of temperature, reaching 0°C more
often in MAR-MIR-histo than in MAR-ERA.

By the end of the century, MAR-MIR-rcp85, which
simulates the largest temperature increase and the largest
snowfall decrease, consequently projects a substantial
depletion in snow cover (Figure 3j-1). MAR-MIR-rcp85
shows a significant drop in the daily mean snow height
from —2 to —8 cm (Figure 3j), as well as in the daily maxi-
mum snow height ranging from —2 to —6 cm over low-
lands and from —6 cm to more than —10 cm in the
Ardennes (Figure 3k). The number of snow days (the
number of days per winter with a snow cover of at least
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TABLE 2

Average number of days favourable to floods per winter due to snowpack melting (SFD) and due to rainfall (RFD) as well as

the total average number of days favourable to floods (TFD = SFD + RFD) modelled by MAR-ERA, MAR-NOR-histo and MAR-MIR-histo

over 1976-2005

Simulation SFD (days winter )
MAR-ERA (MARV3.6) 50+ 4.8
MAR-ERA (MARV3.8) 42 +35
MAR-NOR-histo 43+3.1
MAR-MIR-histo 7.0 + 2.7

TABLE 3

RFD (days winter ™) TFD (days winter )

5.6 +4.9 10.6 + 74
55+3.0 9.7+ 3.9

6.6 + 3.2 109 + 4.5
3.5+29 10.5 + 3.9

Average number of days favourable to floods per winter due to snowpack melting (SFD) and due to rainfall (RFD) as well as

the total average number of days favourable to floods (TFD = SFD + RFD) modelled by MAR-ERA, MAR-NOR-histo and MAR-MIR-histo

for the period 2071-2100

SFD (days winter ")
1.2%(=73%)"

1.8 (—=74%)

Simulation
MAR-NOR-rcp85
MAR-MIR-rcp85

*The values in bold are statistically significant.

RFD (days winter ')
8.3 (+26%)
4.8 (+39%)

TFD (days winter )
9.5 (—13%)
6.6 (—37%)

"The values under brackets refer to relative changes with respect to 1976-2005.

5 cm of thickness) is also significantly decreasing over
the highest parts of the Ardennes in MAR-MIR-rcp85 by
2100, with values larger than -10days winter
(Figure 31). All these changes in snow cover simulated by
MAR-MIR-rcp85 are larger than their anomalies over the
present-day climate.

The decrease in these three variables probably results
from the significant decline in snowfall simulated by
MAR (Section 3.2), albeit Section 3.1 shows that warmer
winter temperatures coherently lead to fewer winter frost
days, while the accumulation of snow pack is only possi-
ble at temperatures below zero degrees Celsius.

34 |
winter

Conditions favouring floods in

Finally, the ability of MAR forced by both AOGCMs to
simulate hydroclimatic conditions favourable to floods in
the Ourthe catchment (as defined in Section 2.4) is inves-
tigated. Table 2 shows that, when compared to the MAR-
ERA interannual variability, both MAR-NOR-histo and
MAR-MIR-histo exhibit non-significant anomalies in
SFD, RFD and consequently TFD. Therefore it is con-
cluded that the significant anomalies found in precipita-
tion and temperature in both MAR-NOR-histo and MAR-
MIR-histo do not impact the simulation of extreme run-
off events in the Ourthe catchment in winter.

Regarding projected changes for the end of the cen-
tury, the 2071-2100 SFD is valued at 1.2days winter ™' in
MAR-NOR-rcp85 and 1.8days winter ' in MAR-MIR-
rcp85 (Table 3). Compared to 1976-2005, this represents

a significant decrease of —73 and —74%, respectively
(Table 3), which results from lower daily maximum snow
height and fewer winter snow days simulated in the
Ardennes (Section 3.3). The evolution of SFD between
1976 and 2100 is plotted in Figureda,d. Despite a large
interannual variability, SFD declines steadily in both
MAR future simulations. The linear trend in SFD for
the period 2006-2100 is significant and valued at
—0.023days winter™' in MAR-NOR-rcp85 (Figure 4a)
and —0.024days winter ' in MAR-MIR-rcp85 (Figure
4d). The 2071-2100 RFD is valued at 8.3days winter ' in
MAR-NOR-rcp85 and 4.8days winter™' in MAR-MIR-
rcp85 (Table3). Compared to 1976-2005 (Table 3), this
represents a non-significant gain of +26 and +39%,
respectively (Table 3), which is due to a non-significant
increase in rainfall, extreme precipitation event inten-
sity and frequency simulated in the Ardennes (Section
3.2). The linear trend in RFD for the period 2006-2100
is also non-significant (Figure 4b,e). The resulting 2071-
2100 TFD is valued at 9.5days winter ™' in MAR-NOR-
rcp85 and 6.6days winter~" in MAR-MIR-rcp85 (Table3).
Compared to 1976-2005 (Table 3), this represents a loss
of —13 and —37%, respectively, which is statistically sig-
nificant in MAR-MIR-rcp85 only (Table 3). This nega-
tive trend of TFD is evidently dominated by the
decrease in SFD.

4 | DISCUSSION

Section 3 has brought to light discrepancies between
MAR forced by NorESM1-M and MAR forced by
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MIROCS5 which need to be explained. The comparisons
of MAR-NOR-histo and MAR-MIR-histo with MAR-ERA
reveal that the simulations forced by the two AOGCMs
exhibit opposite anomalies. MAR-NOR-histo is on aver-
age too warm and too wet, while MAR-MIR-histo is too
cold and too dry but with too much snow with respect to
MAR-ERA. Regarding projected changes under the
RCP8.5 scenario, both models generally agree on
warming temperatures, rising rainfall and convective pre-
cipitation, declining decreasing daily maximum snow
height and fewer winter snow days by the end of the cen-
tury. Consequently, both models simulate a decrease in
SFD and a (non-significant) increase in RFD in the
Ourthe catchment. However, the temperature rise in
MAR-MIR-rcp85 is 2°C larger than in MAR-NOR-rcp85,
which leads to a larger reduction in snowfall and in snow
cover than in MAR-NOR-rcp85. The latter simulation
shows a larger increase in rainfall, convective precipita-
tion and in extreme precipitation events intensity and fre-
quency than MAR-MIR-rcp85.

4.1 | Uncertainties in the AOGCM
forcings

Since all MAR simulations performed in this study use
exactly the same MAR setup, it may be concluded that
the discrepancies between these MAR simulations can
only be explained by their boundary forcings. Inherent
biases in the CMIP5 AOGCMs have been widely inves-
tigated in the literature. By comparing NorESM1-M
with observations and reanalyses over 1976-2005,
Bentsen et al. (2013) highlight that NorESM1-M overes-
timates cloud liquid water content (and thus precipita-
tion and humidity), particularly in the extratropical
storm track regions. Bentsen et al. (2013) also found
that the model produces too warm air temperatures
over Western Europe. These biases are in agreement
with the overestimation of rainfall and winter near-
surface air temperature over Belgium found in MAR-
NOR-histo. Watanabe et al. (2010) compared MIROC5
to observational data, reanalyses and other global
models, and thereby showed that the model produces
slightly too little precipitation, which is in agreement
with the underestimated winter precipitation found in
MAR-MIR-histo, while MAR is only forced by humid-
ity at its lateral boundaries. In this study, comparison
between the trends computed from the MAR future
projections and the trends computed from NorESM1-M
and MIROCS5 regarding rainfall and snowfall confirms
indeed that the differences between both our MAR
simulations result from inconsistencies in their lateral
forcing (Figure S6).
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4.2 | The role of natural variability

Opposite patterns in individual ensemble members have
been shown to originate from internal variability in the
large scale circulation (Kjellstrém et al., 2013; Deser
et al., 2017). The European wintertime climate is strongly
constrained by the occurrence and the persistence of
quasi-stationary circulation patterns of larger scale, also
referred to as ‘weather regimes’ (Reinhold and
Pierrehumbert, 1982; Legras and Ghil, 1985;
Vautard, 1990). Anomalies in the frequency of occur-
rence of each weather regime simulated by the AOGCMs
could therefore be responsible for the anomalies found in
our MAR simulations. Studies usually classify these cir-
culation patterns in four categories (Cassou, 2008;
Cattiaux et al., 2010, 2013). The positive phase of the
NAO (NAO+) is generally associated with mild and rainy
winters over Belgium, while the negative phase of the
NAO (NAO-) is associated with cold and snowy winters.
The persistence of a high-pressure system over Northern
Europe or the British Isles, often referred to as ‘Scandina-
vian blocking’ (SB) conditions, leads to cold and dry
weather over Western Europe. By contrast, the persis-
tence of a high-pressure system over the Northern Atlan-
tic, also referred to as ‘Atlantic ridge’ (AR), allows inflow
of Arctic maritime air over Europe and is associated with
cold and snowy winters. Cattiaux et al. (2013) investi-
gated the ability of each CMIP5 AOGCM to simulate the
present-day mean frequencies of occurrence of all four
circulation patterns in winter over Europe. For the period
1979-2008, NorESM1-M overestimates the NAO+ mean
frequency by about +18%, while underestimating the
NAO- and the SB mean frequencies by about —5 and
—15%, respectively. This is fully consistent with the posi-
tive anomalies in temperature and (liquid) precipitation,
as well as the negative anomalies in snow accumulation
of MAR-NOR-histo over a similar period (1976-2005)
compared to MAR-ERA. MIROCS5, however, overesti-
mates the NAO- and the AR mean frequencies by about
+20 and +10%, respectively, while underestimating the
NAO+ and the SB mean frequencies by about —25 and
—5%, respectively. This is in agreement with the negative
anomalies in temperature and (liquid) precipitation, as
well as the positive anomalies in snow accumulation of
MAR-NOR-histo (1976-2005) with respect to MAR-ERA.
Cattiaux et al. (2013) also compared the 2071-2100 mean
frequencies of occurrence of the main weather regimes
simulated by the CMIP5 AOGCMs with their 1981-2010
mean frequencies. They found that NorESM1-M exhibits
more frequent AR regime (4+5%) and NAO- regime
(+3%), whereas MIROCS5 produces more frequent NAO-
regime (+8%) and NAO+ regime (2%) in the future. The
higher occurrence of NAO+ regime in MIROC5 may
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therefore explain the larger increase in winter tempera-
ture simulated by MAR-MIR-rcp85.

4.3 | Model sensitivity to RCP scenarios
RCM projections are also inevitably affected by the choice
of the gas emission scenario. The sensitivity of our MAR
future simulations is likely even higher considering that
our analysis focuses on the end of the century where diver-
gence between RCP scenarios is larger than in a shorter
time horizon. Moreover, choosing the pathway with the
highest radiative forcing (RCP 8.5) certainly magnifies its
impact on our findings, since the hydroclimatic issue
addressed in this study (snowmelt driven flood risk) is
highly sensitive to warming temperatures. Nevertheless,
several studies seem to suggest that RCM projections are
less sensitive to RCP scenarios than to AOGCM internal
climate variability. van Uytven and Willems (2018)
analysed 160 CMIP5 climate simulations and demon-
strated that for the time horizon 2071-2100, the AOGCM
uncertainty overpasses the uncertainty linked to the green-
house gas concentrations. Findings of Deser et al. (2012a,
2012b) had already highlighted that the dominant source
of uncertainty in the simulated climate response at middle
and high latitudes is internal atmospheric variability asso-
ciated with large scale circulation variability. von Trentini
et al. (2019) stated that, although the contribution of inter-
nal variability to ensemble projection variability signifi-
cantly decreases over time, in the far future for most
regions and seasons internal variability explains 25-75% of
the overall variability. Our findings seem to support that
the contribution of RCP scenario choice to model projec-
tion uncertainty is relatively less important than AOGCM
internal variability. Comparison of the MAR projections to
existing literature has shown that other RCMs, using dif-
ferent AOGCMs as forcings, project more intense warming
and larger changes in extreme precipitation events (see
Sections 3.1 and 3.2), despite using the same greenhouse
gas emission scenario (RCP 8.5). Cattiaux et al. (2012) also
found that, under the same RCP scenario, both NorESM-
1 M and MIROCS yield indeed a different increase in tem-
perature, which is consistent with our findings, as MAR-
MIR-rcp85 projects higher warming than MAR-NOR-
rcp85 and hence more strongly affects the balance of snow
related flood risk in the future.

4.4 | Uncertainties linked to convection
parameterization

Besides uncertainties related to emission scenarios and
natural variability in the AOGCMs, parameterizations

implemented in the MAR RCM provide an additional
source of uncertainty in our climate projections. The
comparison of winter precipitation changes with existing
literature (Section 3.2) has shown that MAR seems to
underestimate changes in extreme precipitation event
intensity. Therefore, despite the significant improvements
implemented in the convective scheme of MARv3.8
(Fettweis et al., 2017; Wyard et al., 2018), substantial
biases remain in the simulation of convective precipita-
tion. Doutreloup et al. (2019a, 2019b) tested the sensitiv-
ity of MARv3.9 to five different convective schemes and
concluded that none of these convective schemes signifi-
cantly improves the representation of convective precipi-
tation events. Given the projected increase in convective
winter precipitation, using a non-hydrostatic RCM could
provide some improvement to the reliability of the pro-
jected wintertime precipitation, although the role of con-
vective precipitation remains very limited in the winter
months compared to other types of precipitation.

5 | CONCLUSION

The main objectives of this paper were first to quantify
the future evolution of the winter Belgian climate and
especially of its seasonal snow cover by the end of the
21* century under the RCP8.5 scenario. Secondly, since
most of the floods that take place in the Ardennes rivers
occur in winter as a result of rapid snowpack melting
and/or heavy rainfall events, this paper also aimed to
assess the consequences of these changes on hydro-
climatic conditions favouring winter floods in the Ourthe
catchment. For this purpose, two AOGCMs from CMIP5,
NorESM1-M and MIROCS5, were dynamically downscaled
using the MAR RCM. Historical simulations (MAR-NOR-
histo and MAR-MIR-histo) and future projections (MAR-
NOR-rcp85 and MAR-MIR-rcp85) were then performed
using version 3.8 of MAR forced by these two AOGCMs.
Historical simulations were evaluated by comparing
MAR-NOR-histo and MAR-MIR-histo to MAR forced by
the ERA-interim reanalyses (MAR-ERA) for the period
1976-2005 with focus on the winter months (DJF). An
evaluation of future trends in the Belgian winter climate
was carried out by comparing the 2071-2100 mean future
climate to the 1976-2005 mean present-day climate.

The evaluation of the MAR forced by AOGCM simu-
lations has brought to light anomalies of opposite sign
arising from the forcings. MAR-NOR-histo is on average
warmer and wetter in winter than MAR-ERA, while
MAR-MIR-histo is colder, drier and more snowy. For
instance, MAR-NOR-histo significantly overestimates
mean winter temperature up to +3°C, while MAR-MIR-
histo exhibits negative but non-significant anomalies in
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mean winter temperature. Significant anomalies are also
found in precipitation. MAR-NOR-histo overestimates
rainfall up to +140 mm winter” ' on the Ardennes sum-
mits, while MAR-MIR-histo underestimates rainfall up to
—140 mm winter ' in the south-western foothills of the
Ardennes. No significant anomalies are found in snow
accumulation except in MAR-MIR-histo which signifi-
cantly overestimates daily maximum snow height in the
coastal regions. Regarding hydroclimatic conditions
favouring floods in the Ourthe catchment, discrepancies
between MAR-ERA, MAR-NOR-histo and MAR-MIR-
histo are found to be non-significant.

Future trends confirm that the current observed
trends (Wyard et al., 2017) in the Belgian winter climate
will continue under a warming climate. By comparing
the 2071-2100 mean climate to 1976-2005, both MAR-
NOR-rcp85 and MAR-MIR-rcp85 agree on future increas-
ing temperature (up to +5°C in MAR-MIR-rcp85),
increasing convective precipitation (up to +50 mm
winter™' in MAR-NOR-rcp85) and decreasing snowfall
(up to —80 mm winter ' in MAR-MIR-rcp85), daily maxi-
mum snow height (more than —10 cm winter " in MAR-
MIR-rcp85) and number of winter snow days (more than
—10 days winter ' in MAR-MIR-rcp85). Only MAR-
NOR-rcp85 shows a significant increase in rainfall,
although only in the coastal regions. It should also be
noted that MAR-MIR-rcp85 shows a larger increase in
temperature and a larger decrease in the snow cover than
MAR-NOR-rcp85, while the latter exhibits a stronger rise
in convective precipitation and rainfall. As a consequence
of these changes in the winter climate projected by MAR,
a significant decrease in SFD and a (non-significant)
increase in RFD are found in the Ourthe catchment.
Compared to 1976-2005, the 2071-2100 mean SFD
decreases by about —70%, while RFD is increasing by
+26% in MAR-NOR-histo and by +39% in MAR-MIR-
rcp85. As a result, TFD shows no significant trend.

This study provides the first quantified projections of
the seasonal snow cover of Belgium. Given the impor-
tance of the seasonal snow cover for flood risk, water
management, biodiversity and tourism activities of High
Belgium, quantification of changes in snow cover is
important for the assessment of their hydrological, eco-
logical and economical impacts.

In addition, this study underlines the sensitivity of
the RCM results to their forcing AOGCMs. Under the
same RCP scenario, the AOGCM driving the RCM influ-
ences the amount of warming and the large-scale circula-
tion changes affecting the balance of snow-related
processes. This suggests that both the natural variability
of climate and the emissions pathways are crucial to the
character of future flood risk. Hence, a conclusion from
only two AOGCM forcing simulations remains difficult,
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as the AOGCMs used in this study may not span the
range of realistic future temperature changes.

Finally, shortcomings in the parameterization of con-
vection add uncertainty to the reliability of changes in
the amount of precipitation, in extreme precipitation
event intensity and frequency. As a consequence,
changes in flood risk due to abundant rainfall may
remain unquantified.

As further perspectives, given that part of the
uncertainties found in our simulations are inherited
from the forcing AOGCMs, it may be relevant to reiter-
ate this study with the updated forcing data (CMIP6),
so as to assess the sensitivity of our RCM MAR to the
AOGCM uncertainty. Ensemble simulations may be
performed in order to quantify the internal variability
of the climate system and more robustly estimate the
climate signal. In addition, the same experiments may
be performed using a non-hydrostatic RCM as the sim-
ulation of reliable convective precipitation could be
needed to quantify changes in the flood risk due to
abundant rainfall.
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