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Summary

In Belgium, the future response of the climate to increasing greenhouse

gas concentration is not clear, especially with regard to the perturbations of the

precipitation regime, snow cover, and global radiation. On the one hand, existing

studies show results which di�er strongly either according to the future scenario,

or from one model to another. On the other hand, there is even an absence of

studies focussing on Belgium regarding future changes in snow cover and global

radiation. Given their potential impacts on the society (water management, energy

supply, biodiversity, tourism), future changes in precipitation, snow cover, and

global radiation require further research. As the orography, the exposition to the

dominant winds, and the proximity of the North Sea determine a large spatial

variability in the Belgian climate, the latter requires a �ne representation of these

features to be properly simulated. Compared to global climate models (GCM),

regional climate models (RCM) are recognized for their ability to represent climatic

phenomena with higher spatial resolutions.

In the framework of this doctoral thesis, the RCM MAR (for "Modèle

Atmosphérique Régional" in French), which is developed at the Laboratory of

Climatology and Topoclimatology of the University of Liège, was applied for the

�rst time to Belgium. The aim was �rst to assess the performances of MAR

over Belgium and then to study the current and future evolution of hydroclimatic

conditions favouring �oods, and also the current and future evolution of global

radiation. For this purpose, historical simulations were performed over 1959�2014.

Future projections (2006�2100) were then performed under the most pessimist

IPCC future scenario (RCP8.5). The horizontal resolution used for both historical

and future simulations is 5 km.

By comparing the MAR outputs to ground-based measurements from 20

weather stations over 2008�2014, the results show that MAR successfully simulates

the spatial and temporal variability of the Belgian climate. In fact, the biases

v



Summary

found in the MAR results are non-signi�cant and the correlation coe�cients are

satisfying with regard to temperature, precipitation, snow height, global radiation

and cloudiness. The MAR results are particularly satisfying during the winter

months and in High Belgium where the climate is the coldest.

Regarding hydroclimatic conditions favouring �oods, we focused on the

Ourthe catchment. In this river, about 70 % of �oods occur during the winter

months and result from either the rapid melting of the snow pack covering the

Ardennes eventually combined with rainfall or abundant rainfall alone. The

current evolution of hydroclimatic conditions favouring �oods was �rst assessed

for the period 1959�2010. Conditions favouring �oods in the Ourthe River present

a negative trend over 1959�2010 as a result of a decrease in snow accumulation

and a shortening of the snow season. Regarding the impact of the evolution

of extreme precipitation events on hydroclimatic conditions favouring �oods, the

signal is less clear because the trends depend on the data used to force the MAR

model. By the end of the 21st century, under the most pessimist scenario, the

results show an acceleration of the snow cover depletion resulting in a decrease

in conditions favouring �oods. Further, the impact of the evolution of extreme

precipitation events on hydroclimatic conditions favouring �oods, no signi�cant

change was found although these trends are subject to uncertainties due to the

de�ciencies of the convective scheme of MAR.

Regarding global radiation, its current evolution was �rst assessed for the

period 1959�2010. In addition, we consider two distinct periods in our analysis:

1959�1979 (dimming) and 1980�2010 (brightening). For both the dimming and

the brightening periods, our results show that the annual global radiation trends

are mainly driven by global radiation changes in spring and summer. The increase

in global radiation observed in Belgium since the 1980s and especially since

the 2000s could mainly be explained by a decrease in low and medium cloud

cover. This would strengthen the e�ect of the decrease in aerosol load on global

radiation that has been observed in Europe since the 1980s. The origin of these

changes in cloudiness is not clear and could result from changes in both aerosol-

cloud interactions and atmospheric-circulation, such as more frequent tropical

air advections and more frequent anticyclonic conditions over Western Europe

due to the poleward shift of extratropical storm tracks. These changes in the

atmospheric circulation may result from global warming and may persist in the

future. In fact, by the end of the 21st century, under the most pessimist scenario,

the models simulate an increase in the blocking regime frequency in summer
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over Europe. For Belgium, this implies more frequent anticyclonic conditions

favouring cloudless conditions. The future projections performed with MAR

exhibit signi�cant decreasing total cloud cover, and particularly decreasing low

and medium cloud cover. However, this declining cloud cover leads to contrasting

changes in global radiation depending on the data used to force MAR.
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Résumé

En Belgique, les impacts de l'augmentation des concentrations en gaz à e�et

de serre dans l'atmosphère sur le climat futur ne sont pas clairs, surtout en ce

qui concerne le régime de précipitation, l'enneigement ou encore le rayonnement

solaire reçu à la surface de la Terre. D'un côté, les études montrent des résultats

qui varient fortement selon le scénario futur utilisé ou selon le modèle utilisé. D'un

autre côté, aucune étude récente ne s'est intéressée aux changements futurs de

l'enneigement et du rayonnement solaire en Belgique. Étant donné les impacts

sociétaux (gestion de l'eau, approvisionnement en énergie, biodiversité, tourisme)

que des changements dans ces variables pourraient provoquer, il apparaît nécessaire

d'étudier le sujet plus en détails. Comme l'orographie, l'exposition aux vents

dominants et la proximité avec la Mer du Nord entraînent une grande variabilité

spatiale du climat de la Belgique, il est important que ces éléments soient �nement

représentés pour modéliser correctement le climat en Belgique. Par rapport aux

modèles climatiques globaux (GCM), les modèles climatiques régionaux (RCM)

permettent de modéliser à haute résolution spatiale ces éléments.

Dans le cadre de cette thèse de doctorat, le RCM MAR (Modèle Atmo-

sphérique Régional), développé au Laboratoire de Climatologie de l'Université de

Liège, a été utilisé pour la première fois sur la Belgique. Le but était tout d'abord,

d'évaluer les performances du MAR sur la Belgique, ensuite, d'étudier l'évolution

actuelle et future des conditions climatiques favorisant les inondations, de même

que celles a�ectant le rayonnement solaire. Dans cette optique, le climat a d'abord

été reconstitué sur la période historique (1959�2014). Des projections futures ont

ensuite été réalisées en considérant le scénario le plus pessimiste du GIEC (le

RCP8.5). Il faut signaler que ces simulations ont été réalisées à 5 km de résolution.

La comparaison des résultats du MAR avec des mesures issues de 20 stations

météorologiques réalisées entre 2008 et 2014 a montré que MAR parvenait à

simuler la variabilité spatiale et temporelle du climat de la Belgique. Les biais
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sont en e�et non-signi�catifs et les coe�cients de corrélation sont satisfaisants en

ce qui concerne la température de l'air, les précipitations, la hauteur de neige,

le rayonnement solaire et la couverture nuageuse. Les résultats du MAR sont

particulièrement satisfaisants en hiver et en Haute Belgique où le climat est le plus

froid.

En ce qui concerne les conditions climatiques favorisant les inondations, nous

nous sommes concentrés sur le bassin versant de l'Ourthe. Dans cette rivière,

environs 70 % des inondations se produisent en hiver et sont générées soit par la

fonte rapide du manteau de neige qui recouvre l'Ardenne, éventuellement combinée

à des précipitations, soit par des précipitations abondantes seules. L'évolution

actuelle des conditions climatiques favorisant les inondations a d'abord été évaluée

sur la période 1959�2010. Durant cette période, les conditions climatiques favor-

isant les inondations dans l'Ourthe présentent une tendance négative en raison

d'une diminution des accumulations de neige au sol et d'un raccourcissement de la

saison d'enneigement. L'impact de l'évolution des précipitations extrêmes sur les

conditions favorables aux inondations n'est cependant pas clair car les tendances

di�èrent selon le set de données utilisé pour forcer MAR. D'ici la �n du 21e siècle,

sous le scénario le plus pessimiste, les résultats montrent une accélération de la

diminution de l'enneigement provoquant une diminution des conditions climatiques

favorables aux inondations. Par ailleurs, en ce qui concerne l'impact de l'évolution

future des précipitations extrêmes sur les conditions favorables aux inondations,

aucune tendance signi�cative n'a été mise en évidence. Il faut toutefois signaler

que cette tendance est sujette à de grandes incertitudes en raison des dé�ciences

du MAR pour la simulation des précipitations convectives.

En ce qui concerne le rayonnement solaire reçu en surface, son évolution

actuelle a tout d'abord été étudiée sur la période 1959�2010. En outre, nous

avons considéré deux périodes distinctes dans notre analyse : la période 1959�1979

caractérisée par une diminution du rayonnement solaire, et la période 1980�

2010 caractérisée par une ré-augmentation. Quelle que soit la période étudiée, les

résultats montrent que les tendances dans le rayonnement solaire moyen annuel sont

dirigées par les changements survenus au printemps et en été. L'augmentation du

rayonnement solaire observée en Belgique depuis les années 1980 et surtout depuis

les années 2000 proviendrait principalement d'une diminution de la couverture de

nuages bas et moyens. Il en résulterait un renforcement de l'e�et de la diminution

des concentrations en aérosols dans l'atmosphère sur le rayonnement solaire qui

est observée en Europe depuis les années 1980. L'origine de la diminution de la
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nébulosité n'est toutefois pas claire. Ces changements pourraient résulter à la fois

de changements dans les interactions entre les aérosols et les nuages mais aussi

de changements survenus dans le circulation atmosphérique, comme par exemple

des advections plus fréquentes d'air tropical ou des conditions anticycloniques plus

fréquentes, provoquées par un déplacement vers le nord des trajectoires suivies par

les tempêtes extra-tropicales. Ces changements dans la circulation atmosphérique

pourraient eux-mêmes être générés par le réchau�ement du climat et pourraient

ainsi persister dans le futur. En e�et, d'ici la �n du 21e siècle, sous le scénario

le plus pessimiste, les modèles prévoient une augmentation de la fréquence des

blocages atmosphériques en été sur l'Europe. Pour la Belgique, cela implique

des conditions anticycloniques plus fréquentes favorisant les conditions sans nuage.

D'ici la �n du siècle, les projections réalisées avec MAR montrent en e�et une

diminution signi�cative de la couverture nuageuse, et surtout celle des nuages bas

et moyens. Cependant, ce déclin de la couverture nuageuse génère des changements

de rayonnement solaire contrastés suivant les données utilisées pour forcer MAR.
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CHAPTER 1

General introduction to

past and projected future

climate changes in Belgium
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1. Introduction

1.1 Belgium and its mean climate

In Western Europe, between 49° 30' and 51° 30' N, and 2° 30' and 6° 30' E,

lies the Kingdom of Belgium, a small, low-lying, and densely populated country

(Figure 1.1). In fact, its 11 millions inhabitants live together on a 30,528 km2 area

entirely situated within the 0�700 m elevation range. A 66 km-long coast meets

the North Sea in north-western Belgium while maximum elevations are found

on the high plateaus of the Ardennes massif located in south-eastern Belgium

(maximum elevation = 694 m above sea level on the High Fens plateau) (Erpicum

et al., 2018). On the basis of its elevation, Belgium is usually divided into three

regions: Low Belgium lies between 0 and 100 m, Middle Belgium lies between 100

and 200 m while High Belgium includes regions above 200 m.

Figure 1.1: Physical map of Belgium. Data: Global Land One-kilometre Base Elevation
(GLOBE) Digital Elevation Model.

Given its mid-latitude position and its proximity to the North Atlantic

Ocean, Belgium has a temperate oceanic climate, a Cfb climate according to

the updated classi�cation of Köppen-Geiger (Peel et al., 2007). The following
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1. Introduction

description of the climate of Belgium is mainly based on the work of Alexandre et al.

(1992), Erpicum et al. (2018) and RMIB (2018). The mean annual temperature

at 2 m ranges from 7.5 °C on the Ardennes high plateaus to 11 °C in Low Belgium

(Figure 1.2(a)). In summer, the mean temperature is the warmest in Campine

(north-eastern Belgium) reaching 18 °C (Figure 1.2(d)). In winter, the mean

temperature is positive but hovers near zero in the highest parts of the Ardennes

(Figure 1.2(b)). Elevation is the main cause of spatial variations in temperature

although the nature of the soil, a Foëhn e�ect in the Ardennes, the distance

to the North Sea and also site e�ects related to densely urbanized areas locally

alter this temperature pattern. For instance, sandy soils cause above-average

mean summer temperature and above-average temperature amplitudes in Campine

(Figure 1.2(d)). The proximity of the North Sea allows mild winter and summer

temperatures in coastal regions (Figure 1.2(b)-(d)). The mean temperature is also

slightly warmer on the rain shadow side of the Ardennes than on its windward

side which has intercepted rainfall and dried out westerlies. Temperature is higher

in densely urbanized areas than in the surrounding rural areas as a result of a lack

of evapotranspiration and the absorption of solar radiation by dark surfaces such

as asphalt and concrete. This e�ect is called the urban heat island and causes a

mean summer bias of about +0.8 °C in Brussels, for instance (Hamdi and Van de

Vyver, 2011).

Westerlies bring precipitation throughout the year although Belgium exper-

iences a fair minimum during the spring months (MAM for March-April-May)

and a maximum during the winter months (DJF for December-January-February)

(Figure 1.3(b)-(c)). On average, Belgium receives a total of 800 mm year−1

(Figure 1.3(a)). Elevation, and exposure to the dominant winds (south-western

winds) are the main causes of the spatial variations of the precipitation amount

and extremes (Sneyers et al., 1989; Journée et al., 2015). Mean annual precipita-

tion amount ranges from 740 mm in western Belgium and in downwind areas of

east-central Belgium, to 1300�1400 mm on the High Fens plateau (Erpicum et al.,

2018; RMIB, 2018).

Precipitation mainly falls as rain but snowfall events are frequent in winter

especially in the Ardennes (Figure 1.4) where these events can generate a seasonal

snow cover. On the high plateaus of the Ardennes, this seasonal snow cover can last

from one to two months per year on average, and can reach up to 70-80 cm thick

for the most snowy winters with consequences on water management, biodiversity

and tourism activities:
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1. Introduction

Figure 1.2: Annual and seasonal mean temperature at 2 m measured in Belgium over
1981�2010: (a) annual, (b) winter (DJF), (c) spring (MAM), (d) summer (JJA), and (e)
autumn (SON). This �gure has been modi�ed from RMIB (2018).

= Although snow is a minor component of the Belgian climate, the rapid

melting of the snow cover combined with rainfall during a sudden return

to milder conditions is responsible for 50% of the �oods recorded in the

Ardennes valleys such as the major �oods in the lower part of the Ourthe

River in February 1984, March 1988, December 1991 or, more recently, in

January 2002 and January 2011 (Pauquet and Petit, 1993; de Wit et al.,

2007; Erpicum et al., 2018).
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Figure 1.3: Annual and seasonal mean precipitation amount measured in Belgium over
1981�2010: (a) annual, (b) winter (DJF), (c) spring (MAM), (d) summer (JJA), and (e)
autumn (SON). This �gure has been modi�ed from RMIB (2018)

= The seasonal snow cover of the Ardennes allows the existence of a remarkable

ecosystem at this range of altitude (between 500 and 700 meters a.s.l.) and

latitude (between 49 °N and 51 °N), with subarctic animal and plant species

surviving to extreme cold temperatures in the winter months thanks to the

protective snow cover that acts as a thermal insulator. These parts of the

country are therefore subject to nature protection and restoration projects

such as LIFE projects mainly funded by the European Union (Plunus et al.,
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1. Introduction

2012).

= Both the peculiar climate and ecosystem of the Belgian high plateaus also

generate tourism activities, especially in winter (skiing, hiking, educative

walks).

Figure 1.4: Annual mean number of days with snowfall observed in Belgium over 1985�2014.
This �gure has been modi�ed from RMIB (2018)

A main characteristic of the Belgian climate is the high number of overcast

days (60�75% from November to March) and days with cumuliform clouds (80%

on average from April to October) (Erpicum et al., 2018). Daily mean sunshine

duration is as low as 4 hours day−1 on the Haute Fagnes Plateau whereas

coastal regions experience 5 hours day−1 on average depending on cloudiness

(Figure 1.5(a)). Seasonal variations are large as a result of the evolution of the

day length throughout the year. Hence, sunshine duration reaches maximum

values in spring (5.5 hours day−1 on average) and summer (6.5 hours day−1 on

average) (Figure 1.5(c)-(d)). Regarding global radiation (the total amount of solar

radiation received at the surface), Belgium receives on average 110 W m−2. Global

radiation is subject to large seasonal variations from about 35 W m−2 in winter

to about 200 W m−2 in summer on average. Spring has values around 150 W m−2

while autumn has values around 80 W m−2. The yield of photovoltaic systems is

therefore the greater in spring and in summer.

As for the rest of Europe, the climate of Belgium undergoes a large natural

variability driven by the variations of the North Atlantic circulation especially

6
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Figure 1.5: Annual and seasonal daily mean sunshine duration in Belgium over 1984�2013:
(a) annual, (b) winter (DJF), (c) spring (MAM), (d) summer (JJA), and (e) autumn
(SON). This �gure has been modi�ed from RMIB (2018).

in winter. In fact, the European wintertime climate is known to be strongly

constrained by the occurrence and the persistence of quasi-stationary circulation

patterns of larger scale also referred to as "weather regimes" (Reinhold and Pier-

rehumbert, 1982; Legras and Ghil, 1985; Vautard, 1990; Philipp et al., 2007). Its

day-to-day and year-to-year variability is usually assessed using the North Atlantic

Oscillation (NAO) index (Hurrell, 1995; Slonosky and Yiou, 2001; Philipp et al.,

2007). The NAO index is de�ned as the di�erence in atmospheric surface pres-
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1. Introduction

sure between the Azores High and the Icelandic Low, which corresponds to the

normalized di�erence of sea level surface pressure measured in Lisbon (Portugal)

and in Stykkisholmur/Reykjavik (Iceland). Studies usually classify the wintertime

atmospheric circulation patterns into four categories (Figure 1.6) (Cassou, 2008;

Cattiaux et al., 2010, 2013):

= The negative phase of NAO (NAO-) is associated to a weak pressure

di�erence between the Icelandic Low and the Azores High causing the air

�ow and the jet stream to weaken, which often brings cold, dry, and snow

conditions over Belgium (Figure 1.6(a)).

= A high barometric di�erence between the Icelandic Low and the Azores

High is associated to the positive phase of NAO (NAO+). Westerlies and jet

stream are strong, bringing mild and wet weather to Belgium (Figure 1.6(b)).

= The persistence of a high-pressure system over the North Atlantic Ocean,

also referred to as "Atlantic ridge", allows in�ow of Arctic maritime air and

is associated with cold and snowy conditions (Figure 1.6(c)).

= The persistence of a high-pressure system over Northern Europe or the

British Isles, often referred to as "Scandinavian blocking" conditions, leads

to cold and dry weather over Western Europe (Figure 1.6(d)).

For instance, the persistence of the NAO- regime is responsible for the

2009�2010 cold and snowy winter in Belgium (Cattiaux et al., 2010).

1.2 Belgium under climate change

1.2.1 Observed climate changes

Despite its large interannual variability, signi�cant changes have already

been recorded in the climate of Belgium. Between 1850 and 2013, Belgium annual

average temperature has increased faster than world and even Europe annual

average temperature with values of +2 °C, +0.8 °C and +1.30 °C respectively

(Brouwers et al., 2015). Spring exhibits the largest increase in temperature with

values around +3 °C. On the contrary, winter shows the lowest temperature

increase (+2 °C) but this increase is signi�cant according to Brouwers et al. (2015)

despite the strongest interannual variability and the in�uence of NAO observed in

8



1. Introduction

Figure 1.6: Wintertime North Atlantic weather regimes. Centroids of the four regimes
obtained from daily anomalies of the geopotential height at the 500-hPa altitude (Z500)
from the NCEP/NCAR-v1 reanalysis. Each percentage corresponds to the stated number of
days and represents the mean frequency of occurence of the regime computed over 1974�2007
1 November to 31 March. Countour intervals are 25 m. This �gure has been taken from
Cassou (2008).
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1. Introduction

winter (Section 1.1). Temperature has not steadily increased over time. RMIB

(2015) highlight a �rst abrupt increase between the 1910s and the beginning of the

1950s followed by a second abrupt increase since the end of the 1980s. Regarding

temperature extremes, Van de Vyver (2012) found that both extreme minimum

and maximum temperature (Tmin and Tmax) have increased since 1952 for nine

weather stations spread over the Belgian territory. Over 1952-2012, extreme daily

Tmin (5th percentile of the daily Tmin) has increased by 0.5 °C decade−1. Extreme

daily Tmax (95th percentile of the daily Tmax) has increased by 0.5 °C decade−1.

The frequency of heat waves has increased since the beginning of the 1990s

(RMIB, 2015). On the contrary, the frequency of cold spells has decreased since

the beginning of the 1970s as a result of a decrease in the frequency of frost days

(Tmin < 0 °C).

Trends in precipitation amount and extremes have been widely investigated

in the literature. Studies based on observations (Gellens, 2000; Vaes G, Willems P,

2002; De Jongh et al., 2006; Ntegeka and Willems, 2008; Willems, 2013a,b) found

no signi�cant long-term trend over the last century in any part of the Belgian

territory. Despite the absence of signi�cant long-term trend, 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,b) alternating with

wetter periods in the 1910�1920s, the 1950�1960s, and in the 1990�2000s (Ntegeka

and Willems, 2008; Willems, 2013a,b) along with the decadal variations of NAO.

However, by analysing the entire time-series of Uccle, Brouwers et al. (2015)

and RMIB (2015) stated that the annual precipitation amount has increased by

+10 % since the beginning of the measurements (1833) as a result of increasing

temperature and increasing evapotranspiration. Precipitation amount has only

signi�cantly increased in winter while no signi�cant trend has been observed in the

other seasons. These trend go along with the increase in precipitation observed

in Northern Europe during winter whereas Southern Europe has undergone a

decrease in precipitation in summer. Regarding drought, no clear trend was found

in Belgium.

Regarding wind, the average inland wind speed has decreased from -10 to

-15 % since 1960s. The number of days with wind surges above 70 km/h exhibits

no clear trend, nor do the highest measured wind speeds (Brouwers et al., 2015).

As a consequent of increasing temperature, signi�cant reductions in snowfall

amount, annual average snow cover extent, snow depth and earlier snowmelt

have been observed in various European regions such as the Alps (Durand et al.,
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2009; Valt and Cianfarra, 2010; Beniston, 2012a), 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

�oods dominated by snowmelt which is predicted to accelerate in the future

(Madsen et al., 2014; Bell et al., 2016; Vormoor et al., 2016). In Belgium,

despite its implications for water management, biodiversity and economy of High

Belgium (Section 1.1), very few studies about the recent evolution of seasonal

snow cover have been carried out. Moreover, these studies, which do not cover

the last two decades (1990�2015), have been conducted either over much shorter

periods (Sneyers, 1967a,b; Erpicum et al., 1991), or on a more limited number of

weather stations (Sneyers, 1965) to build robust statistics. The report written by

RMIB (2015) investigates the recent evolution of snowfall and snow accumulation

using the few existing measurements. In fact, RMIB (2015) stated that snow

cover records over the Belgian territory are patchy, discontinuous or made with

techniques that change over time. For instance, the number of days with snowfall

events is recorded since 1901 but for Uccle only which is located in Middle Belgium

while snow is a important parameter especially for High Belgium. Nevertheless,

the Uccle time-series is characterized by a large interannual variability and by a

decrease in the frequency of snowfall events which is �rst observed in the 1920s

and later in the 1980s. These decreases coincide with the abrupt warming observed

during these periods. Regarding snow cover, only two long time-series exist in

Belgium. Snow height is measured at Uccle since the end of the 19th century. This

time series shows again the strong interannual variability which characterized the

Belgian winter climate but no long-term signi�cant trend. Snow height was also

measured at Saint-Hubert (High Belgium) since 1948 but measurements stopped

in 2008. A decrease in the maximum snow height was observed between 1990 and

2008. A snow depth laser sensor was installed at the Mont Rigi weather station

(High Belgium, High Fens plateau) in 2001 and provides continuous snow depth

measurements. However, the Mont Rigi time-series is too short to be exploited

for trend study. Given the scarcity of snow observations in Belgium, the

validity of these trends is therefore questionable. In addition, given

the trends observed over other European massifs and the importance of

snow for the hydrology, the ecology and the economy of High Belgium,

we are therefore wondering if global warming is already in�uencing snow

processes in the country.
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Global radiation, for its part, has been measured at Uccle since 1951,

at Saint-Hubert since 1962, at Melle since 1967 and at Oostende since 1975.

Uccle and Saint-Hubert exhibit a signi�cant decrease during 1950�1980 followed

by a partial recovery since the 1980s measured for all stations (De Bock et al.,

2014). In fact these trends have been observed worldwide. The 1950�1980

decrease in global radiation is known as the "global dimming" and was caused

by massive aerosol emissions in the atmosphere and to the subsequent increase

in cloud cover (De Bock et al., 2014). On the one hand, aerosols such as

sulphate particles directly modify global radiation by scattering and/or absorbing

solar radiation (aerosol-radiation interactions) (Marmer et al., 2007; Schulz et al.,

2006; Cherian et al., 2014; Yang et al., 2016a,b). In addition, aerosols modify

cloud properties (aerosol-cloud interactions) by changing the amount of cloud

condensation nuclei which also changes the albedo (Twomey, 1977) and the

lifetime of clouds (Lohmann and Feichter, 2005). On the other hand, low to

medium clouds re�ect solar radiation towards space, which a�ects variations

on monthly to decadal time scales (cloud-radiation interactions) (Chiacchio and

Wild, 2010; Norris and Wild, 2007). The partial recovery which has followed the

dimming period is referred to as "brightening" in the litterature. The brightening

only concerns Northern America and Western Europe which cut their emissions of

air pollutants, including sulphates, following the rati�cation the 1979 Convention

on Long-range Transboundary Air Pollution (Sliggers and Kakebeeke, 2004). The

resulting decrease in the aerosol load in the atmosphere also impacts cloud

properties. A decrease in cloud cover was observed since 1979 in Western Europe.

However, despite a stabilisation of the aerosol concentration since the 2000s which

has also been recorded at Uccle, cloud cover is still decreasing (De Bock et al.,

2014). Changes in the large-scale circulation are suspected to be responsible for

this declining cloud cover. The origin of the recent decrease in cloud cover

and therefore the recent increase in global radiation observed since the

2000s is unclear and requires further investigation.

1.2.2 Future climate changes

The assessment of future climate changes is made by using climate models

constrained by greenhouse gas concentration scenarios or by the corresponding

radiative forcing. The most recent scenarios are the "Representative Concentration

Pathway" (RCP) which were developed by IPCC for AR5 (Moss et al., 2010). Four

RCPs were designed depending on how much greenhouse gases are emitted in the
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years to come. RCP2.6, RCP4.5, RCP6.0 and RCP8.5 are labelled after a possible

range of radiative forcing values in the year 2100 relative to pre-industrial values

(+2.6, +4.5, +6.0, and +8.5 W m−2, respectively). The most optimist scenario

is RCP2.6 (low climate change scenario) while the most pessimist is the RCP8.5

(high climate change scenario). Table 1.1 provides an overview of three possible

future climates in Belgium using the RCP2.6, RCP4.5 and RCP8.5 scenarios.

Regarding future changes in temperature by 2100, Brouwers et al. (2015)

show increasing trends in annual average temperature and in frequency of ex-

tremely hot days (with daily average temperature above 25 °C). The magnitude

if these trends depends on the scenario: the higher the scenario, the larger is

the increase. Annual average temperature is predicted to increase by +0.7 °C

by 2100 under RCP2.6 while the increase would reach +7.2 °C under RCP8.5 in

central Belgium (Table 1.1). The frequency of extremely cold days (with daily

average temperature below 0 °C), for its part, is predicted to decrease from -1 to

-33 days year−1.

Regading future changes in precipitation by 2100, the trends are much less

clear because the pattern and the sign of the trends depend on the future scenario

and the model used (Baguis et al., 2010; Brouwers et al., 2015; Tabari et al.,

2015; Saeed et al., 2017; Vanden Broucke et al., 2018). For instance, by using

two regional climate models Brouwers et al. (2015) show that total winter and

summer precipitation is predicted to decrease by -1 and -52 % respectively under

RCP2.6 while it is predicted to increase by +38 and +18 % respectively under

RCP8.5 (Table 1.1). By analysing 30 global climate models, (Tabari et al., 2015)

brought to light contrasting trends which depend on the model used. Nevertheless,

whatever the future scenario, the ensemble mean suggests an increase in the total

winter precipitation and a decrease in summer (Tabari et al., 2015) which contrasts

with the results presented in Brouwers et al. (2015).

The trends in the wind speed are unclear as well. By 2100, daily average

wind speed is predicted to decrease from -28 % and -1 % under RCP2.6 and

RCP4.5 respectively while an increase of about +11 % is found under RCP8.5

(Table 1.1).

Regarding future changes in global radiation, there is no studies focussing

on Belgium as shown in Table 1.1). A limited number of papers describe the

scenarios of Eg↓ changes for Europe based on global climate simulations (Crook

et al., 2011; Gaetani et al., 2014; Wild et al., 2015), regional climate simulations

(Pa²i£ko et al., 2012; Panagea et al., 2014; Jerez et al., 2015) or both (Bartók
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Table 1.1: Overview of possible climate change for Belgium according to the low (RCP2.6),
medium (RCP4.5), and high (RCP8.5) climate scenario, over 30 (2030), 50 (2050) and 100
(2100) years. This table has been taken from Brouwers et al. (2015).

et al., 2017). The results show contrasting trends depending on the type of model

used. Global climate models simulate an increase in global radiation over our

regions while regional climate models simulate a decrease in global radiation by

2100 under RCP8.5 (Bartók et al., 2017).
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As global radiation, the assessment of future changes in snow cover is

characterized by an absence of studies focussing on Belgium as illustrated in

Table 1.1).

In the end, the future response of the climate to increasing green-

house gas concentration is not clear in Belgium, especially with regard

to the perturbations of the precipitation regime, snow cover, and global

radiation. On the one hand, existing studies show results which di�er

strongly either according to the future scenario, or from one model to

another or from one model type to another, namely from global climate

models to regional climate models. On the other hand, there is even

a complete lack of studies focussing on Belgium regarding future snow

cover and future global radiation. Given their potential impacts on the

society (water management, energy supply, biodiversity, tourism), fu-

ture changes in precipitation, snow cover, and global radiation require

further research.

1.3 Regional versus global climate models

In absence of measurements, reanalyses are a feasible way to produce long-

term estimates in every point of the territory. A reanalysis is an analysis of the

state of the atmosphere for an extended period of time built by using a global model

into which observations have been assimilated. Reanalyses are therefore the best

where the density of observation is the largest i.e. mainly in developed countries

such as Northern America and Europe. However, despite being constrained by the

observations, reanalyses have been proven to have systematic biases as a result of

de�ciencies in their data assimilation system and their physics. For instance, by

comparing the NCEP/NCAR reanalysis products to satellite data from Meteosat

second generation Babst et al. (2008) found biases in global radiation ranging from

+40 W m−2 to +80 W m−2 for Europe.

For the evaluation of past (before measurements) and future climate variab-

ility, global climate models (GCM) forced by emission scenarios provide climate

scenarios covering the entire Earth. However, as most reanalyses, their spatial

resolution is usually poor and turns around 40 to 200 km. In addition, GCMs

are made to provide a good representation of the global mean climate so that

signi�cant regional biases can be found.
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Compared to GCMs, regional climate models (RCM) simulate the climate

over a limited area at a �ner spatial resolution and are calibrated for a speci�c

region with a more detailed physics developed for it. Coarse-resolution reanalysis

or GCM �elds usually prescribe the large-scale circulation at the lateral boundaries

of RCM, so that RCMs provide downscaled and possibly improved reanalysis or

GCM outputs over a limited area (Flato et al., 2014). Further, compared to GCMs

and global reanalyses, RCMs run over a limited area so that computation time

is reduced. Therefore, for an identical computation time, the spatial resolution

of RCMs can be increased up to 2 km. It implies that the orography and other

surface characteristics are �ner in RCMs than in GCMs. Finally, the GCM physics

is usually less detailed than in RCMs as a result of computation time. For

instance, most of the GCMs do not simulate snow processes while some RCMs

do. International frameworks such as CORDEX (Coordinated Regional Climate

Downscaling Experiments) evaluate RCM performances and added-values against

GCMs and aim at producing regional climate projections over various regions

of the world such as Europe (EURO-CORDEX) (Giorgi and Gutowski, 2015).

The EURO-CORDEX e�ort was preceded by PRUDENCE (http://prudence.dmi.

dk/) and ENSEMBLE (http://ensembles-eu.meto�ce.com/), both funded by the

European Union (EU) in order to perform ensemble RCM future projections over

Europe. Project results are reported in the EU Climate Change Reports (EEA,

2012, 2017) and in the latest IPCC Assessment Report (AR5) (Kovats et al., 2014).

In light of the above, high-resolution RCMs are particularly indicated for the

simulation of the climate of Belgium. As detailed in Section 1.1, the orography, the

exposition to the dominant winds, and the proximity of the North Sea determine a

large spatial variability in the climate which therefore requires a �ne representation

of these features to be properly simulated. More speci�cally, the representation of

orographic features is a key factor for the simulations of temperature, precipitation,

and snow. Temperature is indeed in�uenced by elevation while snow depends on

the 0 °C isotherm location and height. Moreover, the orography of Belgium is

shown to have a clear e�ect on precipitation averages and associated extremes

(Sneyers et al., 1989; Journée et al., 2015).

A Belgian CORDEX project (CORDEX.be) has therefore been funded

between 2015 and 2017 with the aim to provide a coherent scienti�c basis for

future climate services in Belgium by performing high-resolution historical and

future simulations using RCMs (Termonia et al., 2018). CORDEX.be involves

three RCMs. The ALADIN and AROME combined model (ALARO-0 model)
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has already been used over Belgium to model extreme events in summer such as

Urban Heat Island (Hamdi et al., 2014) and precipitation (De Troch et al., 2013).

The COSMO-CLM (COnsortium for Small-scale MOdeling) model has already

been used over Belgium to model temperature, precipitations, clouds, radiation

(Brisson et al., 2016; Saeed et al., 2017), and also urban climate (Wouters et al.,

2015). These RCMs have already been used for the study of future trends in

the climate of Belgium as done in Brouwers et al. (2015). However, these RCMs

both exhibit biases in temperature, precipitation, cloud cover, and radiation

(De Troch et al., 2013; Hamdi et al., 2014; Brisson et al., 2016). The third

RCM involved in the CORDEX.be project is MAR ("Modèle Atmosphérique

Régional" in French) which is developed in the Laboratory of Climatology and

Topoclimatology of the University of Liège. MAR was never applied to Belgium

before. However, compared to ALARO-0 and COSMO-CLM, MAR has the

advantage to sophistically simulate snow accumulation, metamorphism, and melt

(Gallée et al., 2013). Nevertheless, the evaluation of the ability of MAR for the

simulation of the climate of Belgium still have to be carried out.

1.4 Objectives

This PhD thesis has three objectives:

1. In the framework of the CORDEX.be project, MAR was one of the RCMs

chosen to perform high-resolution simulations over Belgium (Termonia et al.,

2018). MAR was never applied to Belgium before and its ability for the

simulation of the climate of Belgium still have to be proven. This PhD

thesis aims at evaluating the ability of MAR for the reconstruction

and for future projections under RCP8.5 of the climate of Belgium.

The added-value of MAR against reanalyses and GCMs is also in-

vestigated.

2. Despite its consequences on water management, biodiversity and tourism

activities, the seasonal snow cover which covers the Ardennes in winter has

been poorly documented. Observations are rare and there is an absence of

recent studies regarding the evolution of snow cover in Belgium. This PhD

thesis investigates the current (1959�2010) and the future (2006�

2100) evolution of the Belgian winter climate, including snow cover

using MAR. This thesis also deals with the potential impact of
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changes in seasonal snow cover and precipitation on hydroclimatic

conditions generating �oods in the south-east of Belgium. Among

the several rivers which drain the Ardennes massif, we have focussed on

the Ourthe River which is the largest one with a catchment area of about

3500 km2 (Pauquet and Petit, 1993). This river is also the main tributaries

of the Meuse River, which is one of the largest rivers of Western Europe,

with a catchment area of about 36,000 km2 and a length of 950 km. More

speci�cally, we have focussed on the Ourthe River catchment upstream of

Sauheid.

3. The current evolution of global radiation is well-documented and show

decadal �uctuations resulting from aerosol-radiation interactions, cloud-

radiation interactions and aerosol-cloud interactions. However, uncertainties

remain regarding the causes of the increase in global radiation and the

decrease in cloud cover observed since the 1980s. In addition, despite its

potential impacts on the climate system and on the energy supply, no

study has especially focused on the future evolution of global radiation in

Belgium despite the growing production of solar energy expected in the

country. This PhD thesis investigates the current (1959�2010) and

future evolution (2006�2100) under RCP8.5 of global radiation and

cloudiness in Belgium using MAR.

1.5 Thesis outline

This doctoral thesis consists of seven chapters which are based on the results

of four papers. The structure of this doctoral thesis is summarized in

Figure 1.7.

Chapter 2 provides a full description of the MAR model, its forcings data

(reanalyses and GCMs), and also the observations used for its evaluation of

MAR.

Chapters 3 to 6 present the results achieved during this doctoral thesis. Each

of these four chapters corresponds to one paper published or to be submitted

to international peer-reviewed journals:

= Chapter 3 is based on Wyard C., Scholzen C., Fettweis X., Van Campen-

hout J., and François L. (2017) Decrease in climatic conditions favouring
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Figure 1.7: Structure of this doctoral thesis.

�oods in the south-east of Belgium over 1959-2010 using the regional

climate model MAR. International Journal of Climatology, 37 (5),

2782�2796, doi: 10.1002/joc.4879. This chapter deals with the current

evolution of the Belgian seasonal snow cover and extreme precipitation

events in winter and their impact on hydroclimatic conditions favouring

�oods in the Ardennes using MAR.

= Chapter 4 is based on Wyard C., Scholzen C., Doutreloup S., Fettweis X.

(2018) Future projections of hydroclimatic conditions favouring �oods

in Belgium. In review in International Journal of Climatology. This

chapter investigates the possible future evolution of the Belgian winter

climate and its impact on hydroclimatic conditions favouring �oods in

the Ardennes using MAR and the RCP8.5 scenario.

= Chapter 5 is based on Wyard C., Doutreloup S., Belle�amme A.,

Wild M., and Fettweis X. (2018) Global Radiative Flux and Cloudiness

Variability for the Period 1959�2010 in Belgium: A Comparison between

Reanalyses and the Regional Climate Model MAR. Atmosphere, 9 (7),

262, doi: 10.3390/atmos9070262. This chapter deals with the ability
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of MAR the simulate the historical variations in the global radiative

�ux in Belgium and its added-value with respect to reanalyses and

GCMs. The causes of the historical variations in global radiation are

also investigated in this chapter.

= Chapter 6 is based on Wyard C., Doutreloup S., Fettweis X. (2018)

Future projections of global radiation and cloudiness in Belgium. To be

submitted to Bulletin de la Société Géographique de Liège. This chapter

investigates the possible future evolution of the global radiative �ux in

Belgium under RCP8.5 using MAR.

Finally, Chapter 7 summarizes and discusses the main results of this PhD

thesis. Some perspectives for further research are also discussed.
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Data and methods
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2. Data and methods

2.1 The MAR model

2.1.1 Description and experimental set-up

The regional climate model (RCM) used in this study is MAR ("Modèle

Atmosphérique Régional" in French). MAR consists of a three-dimensional

atmospheric module coupled to the 1-D surface vegetation atmosphere trans-

fer scheme SISVAT (Soil Ice Snow Vegetation Atmosphere Transfer).

The atmospheric part of MAR, fully described in Gallée and Schayes (1994);

Gallée (1995) and Gallée et al. (2013), is a hydrostatic primitive equation

model. Parameterizations are performed to include physical subgrid-scale

processes. Convection is parameterized according to Bechtold et al. (2001)

while the vertical �uxes in the near-surface boundary layer are computed

with the turbulence closure model of Duynkerke (1988). Cloud microphysical

parameterizations are based on the studies of Kessler (1969); Lin et al.

(1983); Meyers et al. (1992) and Levkov et al. (1992), and allow to account

for cloud droplet, cloud ice crystal, raindrop and snow �ake concentrations.

The radiative transfer through the atmosphere uses the radiation scheme

from ERA-40 based on Morcrette (2002). It uses time-varying aerosols from

monthly climatology of tropospheric aerosols (black carbon, organic, sea salt,

sand, and sulphate aerosols) by Tegen et al. (1997) and the GISS (Goddard

Institute for Space Studies) volcanic aerosols while the cloud microphysics

module uses �xed aerosol concentration (Meyers et al., 1992). The aerosol-

cloud interactions are therefore not sensitive to the historical variations of

the aerosol load in the troposphere. Therefore, we can assume that only

the aerosol-radiation interactions and the cloud-radiation interactions are

properly taken into account in MAR.

The SISVAT surface scheme, which is detailed in De Ridder and Gallée

(1998), consists of a vertical one-dimensional multi-layered model which

incorporates both a soil-vegetation module, and a snow-ice module. While

the former module works out the heat and moisture �uxes between the

snow-uncovered land and the atmosphere, the latter module deals with the

exchanges between the snow-covered land, the ice sheet surface, the sea-ice,

and the atmosphere. The snow model implemented in SISVAT is CROCUS

from the CEN (Centre d'Etudes de la Neige) and is described in Brun et al.

(1992, 2012). CROCUS itself consists of a thermodynamic module, a water
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balance module, a turbulence module, a snow metamorphism module, a

snow/ice discretization module, and an integrated surface albedo module.

The MAR-SISVAT coupling allows the consideration of three sub-pixel

surface characteristics for a same MAR pixel. The coupling also allows

interaction between surface and atmosphere (energy and moisture transfers),

snow accumulation and snow melting on the surface, water percolation into

the soil/snow, and run-o� of exceeding water.

Figure 2.1: MAR "Belgian" integration domain and orography.

Lateral boundary conditions are provided by nesting the MAR RCM into

reanalysis or GCM. The nesting method use by MAR is the one-way mode.

The one-way nested MAR model is directly forced every 6 hours at its lateral

boundaries with the following forcing �elds: humidity, temperature, pressure

and wind at each vertical level, and sea surface temperature (SST) above

the ocean.

Although being initially designed for polar regions (Gallée and Schayes, 1994;
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Fettweis et al., 2013), MAR was also applied to temperate (Brasseur, 2001;

Brasseur et al., 2002) and tropical regions (De Ridder and Gallée, 1998;

Gallée et al., 2004). For the use of this research as well as the CORDEX.be

project, MAR was calibrated to the climate of Belgium. Simulations were

performed at a horizontal resolution of 5 km over a domain of 120x110 pixels

and 24 vertical levels (between 3 m and 18 km above the surface) centred

on (4.3°W ; 50.4°N) (Figure 2.1). One spin-up year was required to initialize

the soil humidity. Historical runs were obtained by nesting MAR into

four reanalysis products, described in Section 2.2, and two GCMs selected

from the Coupled Model Intercomparison Project Phase 5 (CMIP5) archive,

described in Section 2.3. Future projections were obtained by nesting MAR

into both GCMs selected from the CMIP5 archive (Section 2.3) under the

RCP8.5 scenario. Table 2.1 summarizes the simulations we performed with

MAR over Belgium.

Table 2.1: Simulations performed with the MAR model over Belgium.

Short name Run type Forcing Run period

MAR-ERA Historical ERA40/ERA-interim 1959-2016

MAR-NCEP1 Historical NCEP/NCAR-v1 1949-2016

MAR-ERA-20C Historical ERA-20C 1900-2010

MAR-20CRV2C Historical 20CRV2C 1900-2010

MAR-MIR-histo Historical MIROC5 1976-2005

MAR-NOR-histo Historical NorESM1-M 1976-2005

MAR-MIR-rcp85 Future projection MIROC5 2006-2100

MAR-NOR-rcp85 Future projection NorESM1-M 2006-2100

2.1.2 MARv3.6 versus MARv3.8

Two versions of MAR are used in this doctoral thesis, the version 3.6

and the version 3.8, both developed at the Laboratory of Climatology and

Topoclimatology of the University of Liège (Liège, Belgium). Compared to

MARv3.6, MARv3.8 delays the onset of precipitation and hence increases

cloud cover. In addition, the convective scheme is called twice as often in

MARv3.8 than in MARv3.6 so that convective clouds reside longer in the

atmosphere before precipitating (Fettweis et al., 2017). Finally, in MARv3.8,
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the vegetation seasonality is also better taken into account by using daily

Leaf Area Index (LAI) and Green Leaf Fraction (GLF) from the MERRA-2

reanalysis (Gelaro et al., 2017) compared to MARv3.6 which uses monthly

values.

Table 2.2: A total of 20 stations averaged statistics of the daily
mean temperature observations and the outputs of MARv3.6
forced by ERA-interim over 2008�2014: correlation coe�cient (R),
standard deviation (σ), root mean square error (RMSE), daily
mean biases (MB) and annual daily mean temperature.

DJF MAM JJA SON Year

R 0.97 0.98 0.95 0.98 0.97

MB [°C] -0.34 +0.27 +1.74 +0.70 +0.59

RMSE [°C] 1.08 1.11 2.07 1.35 1.47

Mean [°C] 4.06 10.56 16.48 10.10 10.30

σ [°C] 5.56 4.61 3.10 4.12 4.35

Percentage of usable observations: 98.9 %

The comparison with observations from twenty weather stations spread over

the Belgian territory which are described in Section 2.4.1 shows that these

modi�cations allow to reduce temperature mean biases (MB) by 90 %, to

improve the correlation coe�cient (R) of daily precipitation amount by 10 %

and to reduce the root mean square error (RMSE) by 5 %.

Table 2.3: A total of 20 stations averaged statistics of the daily
mean temperature observations and the outputs of MARv3.8
forced by ERA-interim over 2008�2014: correlation coe�cient (R),
standard deviation (σ), root mean square error (RMSE), daily
mean biases (MB) and annual daily mean temperature.

DJF MAM JJA SON Year

R 0.96 0.98 0.95 0.98 0.97

MB [°C] -0.85 -0.19 +1.09 +0.07 +0.03

RMSE [°C] 1.51 1.25 1.52 1.11 1.39

Mean [°C] 4.06 10.56 16.48 10.10 10.30

σ [°C] 5.56 4.61 3.10 4.12 4.35

Percentage of usable observations: 98.9 %

Regarding daily mean temperature, MARv3.8 is colder than MARv3.6.

Annual MB are valued at +0.59 °C in MARv3.6 (Table 2.2) while it only
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reaches +0.03 °C in MARv3.8 (Table 2.3). Seasonal MB are also colder in

MARv3.8 than in MAR3.6 whatever the season. The largest reduction in

MB occurs in summer (JJA) with MB values decreasing from +1.74 °C in

MARv3.6 to +1.09 °C in MARv3.8. RMSE are also on average smaller by

5 % in MARv3.8 than in MARv3.6 whatever the season.

Table 2.4: A total of 20 stations averaged statistics of the daily pre-
cipitation amount observations and the outputs of MARv3.6 forced by
ERA-interim over 2008�2014: correlation coe�cient (R), standard devi-
ation (σ), root mean square error (RMSE), daily mean biases (MB) and
annual daily mean temperature.

DJF MAM JJA SON Year

R 0.67 0.58 0.52 0.61 0.59

MB [mm day−1] +0.11 -0.08 -0.36 -0.06 -0.10

RMSE [mm day−1] 3.34 3.17 5.21 3.98 4.03

Mean [mm day−1] 2.48 1.69 2.68 2.36 2.30

σ [mm day−1] 4.34 3.77 5.98 4.85 4.85

Percentage of usable observations: 95.6%

Table 2.5: A total of 20 stations averaged statistics of the daily pre-
cipitation amount observations and the outputs of MARv3.8 forced by
ERA-interim over 2008�2014: correlation coe�cient (R), standard devi-
ation (σ), root mean square error (RMSE), daily mean biases (MB) and
annual daily mean temperature.

DJF MAM JJA SON Year

R 0.75 0.60 0.56 0.67 0.64

MB [mm day−1] +0.25 -0.14 -0.43 -0.49 -0.20

RMSE [mm day−1] 3.29 3.01 4.91 3.58 3.80

Mean [mm day−1] 2.48 1.69 2.68 2.36 2.30

σ [mm day−1] 4.34 3.77 5.98 4.85 4.85

Percentage of usable observations: 95.6%

Regarding daily precipitation amount, MARv3.8 in on average dryer than

MARv3.6 with MB values increasing from -0.10 mm day−1 in MARv3.6

(Table 2.4) to -0.20 mm day−1 in MARv3.8 (Table 2.5). However, R

increases from 0.59 in MARv3.6 to 0.64 in MARv3.8 on average which

represents an improvement of about 10 %. RMSE values are also improved

by about 6 % on average decreasing from 4.03 in MARv3.6 to 3.80 in
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MARv3.8. This improvement is the greatest in autumn with RMSE values

decreasing from 3.98 in MARv3.6 to 3.48 in MARv3.8 which represents an

improvement of about 10 %.

2.2 Reanalyses

Four reanalysis products were used in this research. They were chosen

because they are the most used in the literature:

= ERA-interim (horizontal resolution 0.75°; 60 vertical levels from the

surface to 0.01 hPa) from ECMWF, a third generation reanalysis

assimilating most available in situ and satellite data (Dee et al., 2011).

ERA-interim is available from 1979 but we extended this time-series by

using ERA40 for the period 1958-1978 (Uppala et al., 2005). ERA40

(horizontal resolution 1.125° ; 60 vertical levels) is a second generation

reanalysis and was the �rst to assimilate satellite data.

= NCEP/NCAR-v1 (horizontal resolution 2.5°; 28 vertical levels from

the surface to 0.3 hPa) from the National Centers for Environmental

Prediction � National Center for Atmospheric Research (NCEP/NCAR)

(Kalnay et al., 1996). This �rst generation reanalysis assimilates

aircraft, rawinsonde, ship, and station data, as well as satellite retrievals.

NCEP/NCAR-v1 data are available from 1948.

= ERA-20C (horizontal resolution 1.125° ; 91 vertical levels from the

surface to 0.01 hPa), the ECMWF �rst atmospheric reanalysis covering

the entire 20th century (Poli et al., 2016). This third generation

reanalysis only assimilates surface observations such as pressure and

marine winds. ERA-20C is available for 1900-2010.

= 20CRV2C (horizontal resolution 2° ; 28 vertical levels from the surface

to 0.3 hPa), NOAA's 20th century reanalysis (Compo et al., 2011). It

is based on an ensemble mean of 56 members assimilating only surface

pressure, monthly sea surface temperature and sea ice cover. 20CRV2C

is available for 1900-2010.
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2.3 GCM outputs

Two GCMs were used to provided the lateral conditions required by the

MAR RCM to perform future projections:

= NorESM1-M: the Norwegian Climate Center's Earth System Model

(Bentsen et al., 2013; Iversen et al., 2012);

= MIROC5: the Japanese research community's Model for Interdisciplin-

ary Research On Climate Version Five (Watanabe et al., 2010).

Both NorESM1-M and MIROC5 were selected from the CMIP5 multi-

model archive (https://pcmdi.llnl.gov/), World Climate Research Program's

(WCRP's) coordinated experimental framework which provided the stand-

ardized model dataset for the IPCC �fth Assessment Report (AR5). We

refer to Taylor et al. (2012) for further information regarding the CMIP5

protocol.

NorESM1-M and MIROC5 were used in this study because we identi�ed them

as the most suited GCMs to represent the current mean (1976-2005) general

atmospheric circulation and surface conditions over Europe. It is well known

that the GCM ability to model the general atmospheric circulation and

surface conditions must be assessed before making future projections (Brands

et al., 2013; Perez et al., 2014; McSweeney et al., 2015). On this basis, the

most suitable global models for Belgium/Europe simulation are selected

after carrying out a comparison with the ERA-interim reanalysis. ERA-

interim is used as reference for evaluating GCM performance because it is

the one used within the CORDEX initiative (http://www.cordex.org). This

assessment was made by comparing all the 30 CMIP5-AR5 models through

the `skill score' methodology, a statistical classi�cation used and discussed by

Connolley and Bracegirdle (2007), and based on the probabilistic approach

of Murphy et al. (2004). This method aims at measuring the likelihood

of a model to being within the range of the observations. First, a value is

calculated for the RMS deviation of the 1976�2005 averaged model �eld (each

GCM) from the 1976�2005 averaged ERA-Interim reanalysis �eld. Next, the

RMS value is normalized by a measure of the variability of the reference �eld,

i.e. by the standard deviation (σ) of the 1976�2005 averaged ERA-Interim

reanalysis �eld. Finally, this normalized value (RMSn) is rescaled via the
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Table 2.6: Skill scores calculated using the Connolley and Bracegirdle (2007) methodology
for each member of the CMIP5 archive. For each investigated variables, the three GCMs
exhibiting the highest skill scores are pointed out in green while the three GCMs exhibiting
the lowest skill scores are pointed out in red.

GCM name UV500 UV700 Z500 Z700 TJF850 TJJA850

ACCESS1-0 0.524 0.449 0.819 0.727 0.309 0.107

ACCESS1-3 0.501 0.439 0.818 0.700 0.242 0.105

BCC-CSM1-1 0.437 0.323 0.756 0.605 0.041 0.058

BNU-ESM 0.485 0.351 0.812 0.658 0.152 0.059

CanESM2 0.606 0.507 0.869 0.795 0.211 0.103

CCSM4 0.469 0.373 0.766 0.591 0.239 0.123

CESM1-BGC 0.523 0.393 0.760 0.582 0.250 0.111

CMCC-CM 0.540 0.475 0.843 0.744 0.089 0.116

CNRM-CM5 0.560 0.495 0.819 0.778 0.221 0.123

CSIRO-Mk3-6-0 0.524 0.431 0.842 0.740 0.098 0.050

FGOALS-s2 0.480 0.371 0.779 0.609 0.145 0.001

FIO-ESM 0.574 0.463 0.840 0.691 0.177 0.066

GFDL-CM3 0.635 0.570 0.829 0.791 0.000 0.000

GFDL-ESM2G 0.533 0.415 0.725 0.714 0.018 0.008

GFDL-ESM2M 0.583 0.524 0.798 0.797 0.068 0.025

GISS-E2-H 0.518 0.424 0.787 0.725 0.086 0.061

GISS-E2-R 0.554 0.000 0.791 0.000 0.000 0.000

HadGEM2-AO 0.519 0.436 0.813 0.700 0.259 0.163

HadGEM2-CC 0.561 0.489 0.834 0.788 0.213 0.089

HadGEM2-ES 0.548 0.478 0.812 0.746 0.209 0.111

INMCM4 0.502 0.406 0.822 0.731 0.277 0.033

IPSL-CM5A-LR 0.535 0.417 0.675 0.659 0.019 0.016

IPSL-CM5A-MR 0.614 0.518 0.815 0.747 0.166 0.214

IPSL-CM5B-LR 0.487 0.457 0.597 0.617 0.001 0.001

MIROC5 0.634 0.548 0.875 0.800 0.182 0.038

MIROC-ESM-CHEM 0.446 0.304 0.824 0.641 0.227 0.068

MIROC-ESM 0.536 0.399 0.838 0.688 0.199 0.082

MPI-ESM-LR 0.591 0.504 0.848 0.754 0.259 0.157

MPI-ESM-MR 0.621 0.520 0.848 0.778 0.244 0.121

MRI-CGCM3 0.401 0.317 0.673 0.554 0.013 0.005

NorESM1-M 0.655 0.542 0.892 0.821 0.135 0.075
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equation

W = exp (−0.5× (RMSn)
2)

W represents a `score' between 0 and 1, which can be regarded as an

estimate of the GCM `skill' to adequately simulate the climatological mean

state over the considered period. Following the methodology of Murphy et al.

(2004), we normalized RMS globally rather than point-wise, i.e. we scaled

the spatial average of the RMS by the spatial average of the observations

temporal variability. As pointed out by Connolley and Bracegirdle (2007),

all the aforementioned choices imply that the method cannot be fully

objective. We refer to Connolley and Bracegirdle (2007) for more details

and discussions concerning this methodology. Nonetheless, this approach

provides the advantage of rating the models in terms of individual variables,

which facilitates the choice of selecting one model over another, depending

on the use one aims to make of that model and what aspect of the climate

one wants to focus on.

Skill scores were calculated over the EURO-CORDEX domain for six climate

variables that we selected so as to represent the large scale atmospheric

circulation as well as near-surface conditions:

= 500 hPa wind speed (UV500)

= 700 hPa wind speed (UV700)

= 500 hPa geopotential height (Z500)

= 700 hPa geopotential height (Z700)

= 850 hPa air temperature in winter (January and February (JF) (TJF850)

= 850 hPa air temperature in summer (June, July, August (JJA) (TJJA850)

These skill scores are listed in Table 2.6 and show that despite a strong

variability among the skill scores, both NorESM1-M and MIROC5 perform

signi�cantly better than the other models as both MIROC5 and NorESM1-M

are among the three best GCMs for four variables out of six. MIROC5 and

NorESM1-M perform also the best over Greenland (Fettweis et al., 2013) and

have the advantage that the MAR preprocessing tool was already adapted

to their outputs (Lang et al., 2015).
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2.4 Evaluation datasets

Ground-based observations from weather stations were used for the calibra-

tion and the evaluation of the MAR performances. The weather stations,

their WMO code, their true coordinates and the coordinates of the centre of

the nearest MAR pixel are listed in Table 2.7 while their location is shown

in Figure 2.2.

Gaps in the observations were not �lled except for yearly mean global

radiation �ux (Eg↓) computed from monthly mean data (Section 2.4.3).

Missing data were omitted in our statistics computations.

Table 2.7: SYNOP Weather stations used in the evaluation process of MAR, with their
WMO code, their true location (Lat. 1, Lon. 1 and Alt. 1) and the location of the centre of
the nearest MAR pixel (Lat. 2, Lon. 2, Alt. 2).

WMO Name Lat. 1 Lon. 1 Alt. 1 Lat. 2 Lon. 2 Alt. 2

code (°) (°) (m) (°) (°) (m)

06400 Koksijde 51.08 2.65 4 51.11 2.65 1

06407 Oostende Airport 51.20 2.87 4 51.20 2.86 0

06414 Beitem 50.91 3.12 25 50.89 3.09 24

06428 Munte 50.93 3.73 55 50.94 3.73 37

06431 Gent/Industrie-Zone 51.18 3.82 10 51.21 3.80 5

06432 Chievres 50.57 3.83 60 50.58 3.80 63

06434 Melle 50.98 3.83 13 50.98 3.87 21

06447 Uccle 50.80 4.36 101 50.80 4.37 101

06449 Charleroi/Gosselies 50.46 4.45 187 50.49 4.44 159

06450 Antwerpen/Deurne 51.20 4.47 12 51.21 4.44 12

06451 Bruxelles National 50.88 4.52 55 50.89 4.51 61

06456 Florennes 50.24 4.65 279 50.26 4.65 286

06458 Beauvechain 50.75 4.77 105 50.76 4.80 120

06459 Ernage 50.75 4.68 155 50.58 4.65 158

06465 Scha�en 51.00 5.07 30 50.98 5.09 33

06476 Saint-Hubert 50.04 5.41 563 50.03 5.42 563

06478 Bierset 50.63 5.45 186 50.62 5.43 141

06479 Kleine-Brogel 51.17 5.47 55 51.16 5.45 61

06490 Spa/La Sauveniere 50.48 5.92 470 50.48 5.93 484

06494 Mont-Rigi 50.51 6.08 671 50.52 6.07 671

06496 Elsenborne 50.47 6.18 564 50.47 6.21 576
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2.4.1 Temperature, precipitation and surface pressure

Near-surface temperature, precipitation amount and surface pressure were

extracted from SYNOP data downloaded from the Ogimet website (http:

//www.ogimet.com) emitted every hour by 20 weather stations spread over

the Belgian territory. These weather stations are listed in Table 2.7 and

mapped in Figure 2.2. There data were available from the end of 2007

onwards. Daily mean temperature and surface pressure, as well as daily

precipitation amount were computed from these hourly data. Gaps in the

observations were not �lled, and missing data were omitted in our statistics

computations.

Figure 2.2: Orography of the study area, location of the weather stations used in this
study with their WMO identi�er, limits of the Ourthe River catchment area upstream of the
gauging station of Sauheid.
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2.4.2 Snow height

Snow depth measurements performed at Mont Rigi (identi�ed by its World

Meteorological Organization (WMO) code 06494 in Table 2.7 and Figure 2.2)

were extracted from SYNOP data emitted at 00UTC. The Mont Rigi station

is the reference station for the High Fens plateau. Snow depth measurements

are performed by a snow depth laser sensor at this weather station. Contrary

to manual snow depth measurements, laser sensor-driven snow depth meas-

urements are continuously performed with the same instruments, at the same

exact place and, in the case of the Mont Rigi station, within a �at, treeless

open plateau, thereby limiting potential site e�ects which could a�ect those

measurements. However, SYNOP data from the Mont Rigi station were only

available from the end of 2007 onwards. Gaps in the observations were not

�lled, and missing data were omitted in our statistics computations.

2.4.3 Global radiation

Measurements of Eg↓ for four ground stations over Belgium were supplied by

the Royal Meteorological Institute of Belgium (RMIB): Melle (WMO code

= 06434), Oostende (WMO code = 06407), Saint-Hubert (WMO code =

06476) and Uccle (WMO code = 06447) (Table 2.7, Figure 2.2).

Table 2.8: Available Eg↓ time-series of more than 30 years for Belgium. The percentage of
gaps in the monthly data is also indicated.

WMO Name Length Percentage Source

code of gaps

06407 Oostende 1975-2014 3.7% RMIB

06434 Melle 1967-2014 5.9% RMIB

06447 Uccle 1951-2014 0% RMIB

06476 Saint-Hubert 1962-2014 4.7% RMIB

The RMIB has a long-term experience with ground-based measurements

of Eg↓ in Belgium with uninterrupted measurements at Uccle since 1951

(Journée and Bertrand, 2010). Uccle is one of the 22 Regional Radiation
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Centres established within the World Meteorological Organisation (WMO)

Regions. These data consist of monthly mean Eg↓ calculated from 30 minute-

average measurements. The length of all four time-series exceeds 30 years

(2.8 while the percentage of gaps in the monthly data ranges from 0% to

5.9%. Seasonal and annual mean Eg↓ were then computed using the monthly

data. However, if more than one month was missing within a year, the

annual mean was not computed, otherwise the mean Eg↓ for the year was

computed by �lling the missing month by the climatic average of this month

for the period covered by the time-series. The seasonal mean Eg↓ values are

not computed if there are gaps in the monthly data.

2.4.4 Total cloud cover

Total cloud cover (TCC) data for four stations were supplied by the RMIB

and the Belgian agency managing the national civil airspace (Belgocontrol):

Bierset (WMO code = 06478), Oostende (WMO code = 06407), Saint-

Hubert (WMO code = 06476) and Uccle (WMO code = 06447) (Table 2.7,

Figure 2.2). TCC data consists of hourly or 3-hourly observations carried

out by human eye inspection of the sky during the day and at night. The

length of all four time-series exceeds 30 years (2.9). Monthly, seasonal and

annual mean TCC were calculated from the hourly or 3-hourly data. Missing

values were not taken into account and a maximum of 5% of missing data

is tolerated in our computations. In the end, the percentage of gaps in the

monthly mean TCC ranges from 0.5% to 25.8% (Table 2.9).

Table 2.9: Available TCC time-series of more than 30 years for Belgium. The percentage
of gaps in the monthly data is also indicated.

WMO Name Length Percentage Source

code of gaps

06407 Oostende 1966-2014 25.8% RMIB

06447 Uccle 1966-2010 16% RMIB

06476 Saint-Hubert 1966-2014 0.8% RMIB

06478 Bierset 1966-2014 0.5% Belgocontrol
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2.4.5 Flow rate

In order to identify �ood events in the lower part of the Ourthe River, daily

�ow rates measured in the river �ow gauging station of Sauheid (50.6°N ;

5.6°W) (see Figure 2.1) were extracted for the period 1974-2010 from the

database of the �Direction Générale Opérationnelle de la Mobilité et des

Voies Hydrauliques de la Région Wallonne�. The Sauheid station was chosen

because of its most downstream location in the Ourthe River before the

con�uence with the Vesdre and the Meuse. According to Pauquet and Petit

(1993), a �ow rate of 300 m³/s is considered as the �ow rate above which

the Ourthe River can over�ow.

2.5 Evaluation of linear trends signi�cance us-

ing the uncertainty range for the 95% con-

�dence interval of Snedecor

In order to compute linear trends and to assess their signi�cance, equations

of the type

yj = a× tj + b

were �tted to several time-series (yj, tj) where yj represents the value of the

variable for the year tj.

The signi�cance of those trends (a × tj) was evaluated by computing their

uncertainty range for the 95% con�dence interval of Snedecor (Snedecor and

Cochran, 1967) as done by Fettweis (2007) according to these formulas :

e1 =
∑

(trend(yj)− yj)
2

e2 =
∑

(tj −mean(t))2

range =

√
e1

(tf − ti − 1)× e2
× k

where

tj is the jth year of the time-series ;

ti is the �rst year of the time-series ;

tf is the last year of the time-series ;
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yj is the value of the variable for the year tj ;

trend(yj) is the value of the trend of year tj ;

mean(t) is the average year of the time-series ;

k = 1.96 for the 95% con�dence interval.

The trend of a time-series is signi�cant if its value is higher than its

uncertainty range, which mainly corresponds to the interannual variability

of the considered time-series.
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CHAPTER 3

Current evolution of hydroclimatic

conditions favouring �oods in the

south-east of Belgium over 1959�2010

This chapter is based on Wyard C., Scholzen C., Fettweis X., Van Campen-

hout J., and François L. (2017) Decrease in climatic conditions favouring

�oods in the south-east of Belgium over 1959-2010 using the regional climate

model MAR. International Journal of Climatology, 37 (5), 2782�2796, doi:

10.1002/joc.4879
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3.1 Context

Changes in seasonal snow cover cause concern in many mid- to high-latitudes

countries because of its implications in water supply and �ood risks (e.g.

Barnett et al., 2005 ; Beniston, 2012a). Over the last decades, a signi�cant

general trend toward decreasing snow depth, snow duration and snowfall

amount with interdecadal variability has been identi�ed in various European

regions such as the Alps (Durand et al., 2009; Valt and Cianfarra, 2010;

Beniston, 2012a), 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 �oods dominated by

snowmelt which is predicted to accelerate in the future (Bell et al., 2016;

Vormoor et al., 2016).

In Belgium, a low-lying country of western Europe (maximum elevation

= 694 m above sea level), snow can cover the summits of the Ardennes

massif from one to two months per year on average, and can reach 80 cm

with consequences on water management, biodiversity and tourism activities

(Section 1.1). When combined with heavy rainfall events, the rapid melting of

this snow cover is responsible for major �oods in the Meuse River catchment,

located in the south-east of Belgium. However, despite the aforementioned

implications, very few studies about the recent evolution of seasonal snow

cover have been carried out in Belgium. Moreover, these studies, which do

not cover the last two decades (1990�2015), have been conducted either over

much shorter periods (Sneyers, 1967a,b; Erpicum et al., 1991), or on a more

limited number of weather stations (Sneyers, 1965) to build robust statistics

(Section 1.2.1).

Therefore, this research aims to assess whether seasonal snow cover and

climatic conditions favouring �oods have changed over the last �fty years

in Belgium. For this purpose, the Regional Climate Model (RCM) MAR

(for �Modèle Atmosphérique Régional� in French) was used over the period

1959�2010, forced by three reanalyses. As snow cover records over the

Belgian territory are patchy, discontinuous, or made with techniques that

change over time, a RCM like MAR, which was specially designed to model

snow (Gallee H et al., 2001; Fettweis et al., 2013), is a highly valuable tool

for studying the recent changes in snow cover at a high spatial resolution.
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The other RCM running over Belgium, like the ALARO model, are used to

model extreme events in summer such as Urban Heat Island (Hamdi et al.,

2014) and precipitation (De Troch et al., 2013) while we are focussing here

on the winter season and snow.

The RCM used and the validation data are described in Section 3.2. Sec-

tion 3.3 presents and discusses the results of the evaluation of the MAR

model over the Belgian territory by comparing the model outputs with daily

observations from 20 weather stations of the SYNOP network over the period

2008�2014. The statistical analysis performed to study the evolution of the

winter climate simulated by MAR over the period 1959�2010 is detailed in

Section 3.4 while Section 3.5 details the evolution of the conditions favour-

able to �oods in the catchment area (3,500 km²) of the Ourthe River in the

Ardennes region/massif over studied period. Conclusions and prospects are

�nally reported in Section 3.6.

3.2 Additional methodological aspects

The version 3.6 of MAR, described in Section 2.1 was used to reconstruct

the climate of Belgium. Boundary conditions were provided by three

reanalysis products: ERA40/ERA-interim, NCEP/NCAR-v1 and ERA-20C.

A description of these reanalyses can be found in Section 2.2.

Data required for the evaluation of MAR consist of daily mean temperature,

precipitation and snow height measurements performed over 2008-2014 for

20 weather stations spread over the Belgian territory listed in Table 2.7

and showed in Figure 2.2. A description of these datasets can be found

in Section 2.4.1 and Section 2.4.2. Flow rate measurements performed in

Saudheid (Figure 2.2) since 1974 are also used for the evaluation of MAR.

Section 2.4.5 provides more details about these datasets.

3.3 Evaluation of MAR

Values computed by MAR forced by ERA-Interim (called MAR-ERA here-

after), by MAR forced by ERA-20C (called MAR-ERA-20C hereafter) and

by MAR forced by NCEP/NCAR-v1 (called MAR-NCEP1 hereafter) are

compared over 2008�2014 to daily observations from the 20 weather stations.
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It should be noted that the MAR-ERA-20C evaluation period only extends

from 2008 to 2010 because ERA-20C is not available after 2010. For each

weather station, the closest pixel to the location of the station is chosen to

represent the MAR outputs. This comparison shows the ability of MAR to

simulate the daily variability of the Belgian climate, especially in winter and

in the highest parts of the country.

3.3.1 Daily mean temperature

Regarding the daily mean temperature (Tave), MAR accurately simulates

the Tave variability in winter (DJF) at Mont Rigi (the highest Belgian

weather station), with correlation coe�cients (R) above 0.95 and root mean

square error (RMSE) values lower than 40% of the observed Tave standard

deviation (σ) (Figure 3.1(a)). MAR-ERA provides slightly better results

than MAR-NCEP1 and MAR-ERA-20C with better R and RMSE values.

MAR tends to underestimate Tave in winter with daily biases ranging from

-0.61°C and +0.01°C at Mont Rigi following the forcing used.

Figure 3.1: Taylor diagrams showing relative di�erences between MAR-ERA, MAR-NCEP1
and MAR-ERA-20C in comparison with wintertime observations of (a) daily mean temper-
ature, (b) daily precipitation amount and (c) daily snow height, carried out over 2008�2014
(2008�2010 for MAR-ERA-20C) at the Mont Rigi weather station.

The statistics computed for the 20 weather stations con�rm these results

and show the ability of MAR to accurately simulate the Tave variability

whatever the season (Figure 3.2(a)-(b)-(c)-(d)). They also show that MAR

tends to overestimate Tave in spring (MAM), autumn (SON), and partic-

ularly in summer (JJA) with biases ranging from +0.95 °C and +1.84 °C

(Figure 3.2(c)). Consequently, MAR overestimates Tave with annual daily
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mean biases of +0.11 °C (MAR-ERA-20C), +0.59 °C (MAR-ERA) and

+0.70 °C (MAR-NCEP1) (Table 3.1).

Table 3.1: A total of 20 stations averaged statistics of the daily mean temperature observations
and model results over 2008�2014: correlation coe�cient (R), standard deviation (σ), root mean
square error (RMSE), daily mean biases (MB) and annual daily mean temperature.

R σ [°C] RMSE [°C] MB [°C] Mean [°C]

OBS - 6.40 (6.73)1 - - 10.30 (9.69)

MAR-ERA 0.97 7.22 1.47 +0.59 10.89

MAR-NCEP1 0.96 7.23 1.65 +0.70 11.00

MAR-ERA-20C (0.96) (7.51) (1.42) (+0.11) (9.80)

ERA-interim 0.99 6.42 0.93 +0.32 10.62

NCEP/NCAR-v1 0.95 6.65 1.71 +0.70 11.00

ERA-20C (0.95) (6.50) (1.55) (-0.24) (9.45)

Percentage of usable observations: 98.9%
1 The values under brackets indicate that the evaluation period only extends from 2008 to 2010.

3.3.2 Daily precipitation amount

Regarding the daily precipitation amount (PPN) at Mont Rigi, MAR ac-

curately simulates the PPN variability in winter (dominated by stratiform

precipitation) with R values above 0.70 and RMSE values lower than 100 % of

the observed PPN standard deviation (Figure 3.1(b)). MAR-ERA provides

again the best results. However, the model overestimates PPN in winter with

daily mean biases ranging from +23.2 % and +40.0 % at Mont Rigi. Never-

theless, the statistics computed for the 20 weather stations show that MAR

fails to adequately simulate the PPN variability during the other seasons

(Figure 3.2(f)-(g)-(h)). Moreover, MAR tends to underestimate (convective)

PPN in summer with biases ranging from -0.1 % to -12.9 % (Figure 3.2(g)).

Consequently, MAR slightly underestimates PPN with annual daily mean

biases valued at -0.8 % (MAR-ERA-20C), -4.3 % (MAR-ERA) and -6.4 %

(MAR-NCEP1) (Table 3.2).

3.3.3 Snow height

Comparison with snow height (SH) measured at the Mont Rigi station in

winter (Figure 3.1(c)) indicates that MAR simulates very well the daily SH
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Figure 3.2: Taylor diagrams showing relative di�erences between MAR-ERA, MAR-
NCEP1, MAR-ERA-20C, ERA-interim, NCEP/NCAR-v1 and ERA-20C in comparison with
seasonal observations of (a)-(d) daily mean temperature, and (e)-(h) daily precipitation
amount, carried out over 2008�2014 (except for MAR-ERA-20C and ERA-20C whose the
validation period is 2008�2010). It should be noticed that there is no statistics for ERA-20C
in (e)-(f)-(g)-(h) due to the data unavailability.
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Table 3.2: A total of 21 stations averaged statistics of the daily precipitation amount observations and model
results over 2008�2014: correlation coe�cient (R), standard deviation (σ), root mean square error (RMSE),
daily mean biases (MB) and annual daily mean precipitation amount.

R σ RMSE MB Mean

(mm day−1) (mm day−1) (mm day−1) (mm day−1)

OBS - 4.85 (5.02)1 - - 2.30 (2.26)

MAR-ERA 0.59 3.47 4.03 �0.10 [�4.3%] 2.20

MAR-NCEP1 0.49 3.28 4.39 �0.15 [�6.4%] 2.15

MAR-ERA-20C (0.55) (3.82) (4.35) (�0.02 [�0.8%]) (2.24)

ERA-interim 0.73 3.44 3.46 �0.17 [�7.2%] 2.13

NCEP/NCAR-v1 0.56 2.96 4.17 �0.50 [�21.7%] 1.80

ERA-20C n.a.2 n.a. n.a. n.a. n.a.

Percentage of usable observations: 95.6%
1 The values under brackets indicate that the evaluation period only extends from 2008 to 2010.
2 n.a., the data were not available to compute the statistic analysis.

variability, with R values larger than 0.80 and RMSE values below 65 % of

the observed SH standard deviation. However, MAR underestimate SH with

biases of around -6 cm day−1 which is large compared to the daily mean snow

depth observed at 15 cm. Since there is no temperature biases in winter at

Mont Rigi (Figure 3.1(a)), and since MAR overestimates wintertime daily

precipitation amounts at Mont Rigi (Figure 3.1(b)), these negative daily

mean biases in SH could be due to the too large fresh snowfall density

(300 kg m−3) used in MAR. A fresh snowfall density of 300 kg m−3 is typical

in polar regions, but in temperate climates, lower values ( 100 kg m−3) are

more relevant (Judson and Doesken, 2000).

3.3.4 Climatic conditions favouring �oods

Finally, the ability of the MAR model to simulate climatic conditions

favourable to �oods in the Ourthe catchment is assessed by comparing

observed �ood days with potential �ood days and periods computed from

the MAR results.

On the one hand, 28 �ood events were identi�ed between January 1974 and

December 2010 on the basis of �ow rates measured in Sauheid (�ooding �ow

rate > 300 m³ s−1), which represents a total of 67 �ood days. On the other

hand, in order to identify potential �ood periods, run-o� (RU) computed by

MAR is integrated over the Ourthe catchment upstream of Sauheid, which

represents an area of 2,900 km² (Figure 2.2). RU is then averaged over the
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two days preceding the �ood event (RU2), because the typical response time

of the Ourthe River to precipitation ranges from 1 to 2 days (Hazenberg

et al., 2008). The MAR-driven run-o� partly consists of precipitation water

and of water from melting snow that �ow on the ground because of the

saturation of the soil in the MAR model. In order to only consider the

part of RU2 which really contributes to the river discharge, evaporation

computed by MAR is removed from RU2 (RU2e). At last, since there are

two types of �oods in the Ourthe River, we also distinguish two types of

RU2e: RU2e produced by precipitation alone (see the red dots in Figure 3.3)

and RU2e produced by precipitation combined with snowpack melting (see

the green dots in Figure 3.3). We consider one day as favourable to �oods if

RU2e is statistically extreme, i.e. if RU2e is larger than its 95th percentile

(P95) computed over 1961-1990. P95 is used because it is commonly used

in the literature to de�ne extreme event. Moreover, the trends computed in

Section 3.3.4 do not change following the considered percentile (P90, P95,

P99 or P99.5).

Figure 3.3: Two-day averaged run-o� integrated over the Ourthe catchment area upstream
of Sauheid (RU2e) computed from (a) MAR-ERA, (b) MAR-NCEP1, and (c) MAR-ERA-
20C, in relation to the �ow rate measured in Sauheid. Each point represents 1 day between
1 January 1974 and 31 December 2010. The blue dots indicate that run-o� is generated
by snowpack melting combined with rainfall events. The red dots indicate that run-o� is
generated by rainfall events alone. The 95th percentile of RU2e represented in the graphs is
the limit above which the days are considered as favourable to �oods. A �ooding �ow rate
of 300 m³ s−1 is considered.

Thereby, about 90 % (60/67) of the observed �ood days correspond to poten-

tial �ood days computed by MAR-ERA and MAR-ERA-20C (Figure 3.3(a)

and (c)), while this proportion only reaches 60 % (41/67) with MAR-NCEP1

(Figure Figure 3.3(b)). Similarly, results in terms of �ood events indicate
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that about 90 % (25/28) of the observed �oods correspond to periods iden-

ti�ed as favourable to �oods according to MAR-ERA-20C and MAR-ERA.

By contrast, this proportion only reaches 64 % (18/28) with MAR-NCEP1.

However, MAR largely overestimates the number of days which could have

generated �oods over 1974-2010 with excess of 327, 434, and 702 days for

MAR-NCEP1, MAR-ERA and MAR-ERA-20C respectively (Figure 3.3).

Indeed, �oods also depend on non-climatic factors which are not represented

in our estimation, such as the initial state of the soil prior to an intense

run-o� event, the in�ltration of water into the water tables, the evolution

of the surface permeability over time (as a consequence of the conversion

of natural land surfaces into impervious surfaces, due to urbanization), the

surface, subsurface and underground �ow. The coupling between the climate

model MAR and a hydrological model would allow a better representation of

these mechanisms and thus a better comparison with observations. However,

the aim of this work in not to study the �oods evolution but only the climatic

conditions favouring �oods.

3.3.5 Origin of biases in MAR

In view of these results, we can conclude that whatever the reanalysis

forcing the MAR model, the climate variability is well represented by the

model over the Belgian territory, although MAR-ERA seems more �tting

than MAR-ERA-20C and particularly MAR-NCEP1. MAR-ERA-20C and

MAR-NCEP1 overall exhibit lower R and higher RMSE values than MAR-

ERA in comparison with observed daily temperature and precipitation. In

addition, MAR-ERA allows to �nd more observed �oods than MAR-ERA-

20C and MAR-NCEP1. We explain the better results of MAR-ERA by the

di�erence between the assimilation system of all three reanalyses (Kalnay

et al., 1996; Dee et al., 2011; Poli et al., 2016). Indeed, all the available

data are assimilated in ERA-Interim while only surface pressure and surface

marine winds are assimilated in ERA-20C. Moreover, NCEP/NCAR-v1

horizontal and vertical resolution is coarser than the resolution of ERA-

20C and particularly ERA-Interim. Furthermore, when directly comparing

all three reanalyses with daily mean temperature and daily precipitation

amount from weather stations (Figure 3.2), the correlations and the RMSE

values are better than those obtained with our MAR model forced by the

same reanalyses. Actually, the weather station-based data used in this
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study is the same data that had been assimilated into the reanalyses (except

ERA-20C), which explains the dependence between the reanalyses and the

data. Nevertheless, because of the low spatial resolution of the reanalyses,

MAR forced by the reanalyses exhibits lower biases especially in winter

(Figures 3.2(a) and (e)). It is therefore better to use the MAR model instead

of the raw reanalyses, which in addition do not adequately simulate the snow

pack.

Besides the biases due to the forcing conditions, some discrepancies can

also be related to the MAR model itself. For instance, as a result of

the underestimation of the cloud cover in MAR, MAR underestimates

temperature in winter and overestimate it in summer. Moreover, daily PPN

variability is better reproduced in winter (when stratiform precipitation

dominates) than in summer (when convective precipitation dominates).

Surface and soil properties could also contribute to the MAR model biases

through their re�ectivity or their water exchanges with the atmosphere.

3.4 Changes in the winter climate over 1959-

2010

A linear trend analysis is performed for the period 1959�2010 over the entire

Belgian territory. This period is the longest common period between all three

reanalyses forcing the MAR model. Trend signi�cance is assessed by using

the uncertainty range of Snedecor for the 95th con�dence interval (Snedecor

and Cochran, 1967) (see Section 2.5) as used by Fettweis (2007). The trend

of a time series is signi�cant if its value is higher than its uncertainty range,

which mainly corresponds to the interannual variability of the considered

time series. The trend analysis particularly focuses on the winter period

(December-January-February (DJF)), as more than 70 % of the �oods in

the Ourthe River occur during this season. Only the trends computed using

the MAR-ERA results are displayed because the evaluation of the MAR

model showed that the MAR-ERA results are the closest to observations

(Section3.3). The trends computed using the MAR-ERA-20C results and the

MAR-NCEP1 results are however available in Appendix A from Figure A.1

to Figure A.10. In Figures 3.4 to 3.8 and Figures A.1 to A.8, the limits

of the Ourthe catchment area are drawn in light blue or in red. The �lled
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pixels indicate the places where the trends are signi�cant.

3.4.1 Temperature

Mean winter temperature exhibits an increasing trend ranging from +0.6 °C 52yrs−1

to +1.0 °C 52yrs−1 in the Ourthe catchment (Figure 3.4(a)).

Figure 3.4: Trends computed from MAR-ERA over 1959�2010 in (a) the mean temper-
ature in winter (DJF), (b) the yearly mean temperature, (c) the extreme (P5) minimum
temperature in winter, and (d) the extreme (P95) maximum temperature in winter. Filled
pixels indicate the places where trends are statistically signi�cant.

However, the mean winter temperature trend is non-signi�cant while mean

annual temperature exhibits a signi�cant increasing trend between +0.8 °C 52yrs−1
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and +1.0 °C 52yrs−1 in the Ourthe catchment (Figure 3.4(b)). Trends in

the winter extreme minimum temperature (the 5th percentile of the daily

minimum temperature, in agreement with Van de Vyver (2012)) are non-

signi�cant everywhere but show a positive signal in the Ardennes (Fig-

ure 3.4(c)). Extreme maximum temperature in winter (the 95th percentile of

the daily maximum temperature, in agreement with Van de Vyver (2012))

also exhibits non-signi�cant trends but show a homogeneous positive signal

between +0.6 °C 52yrs−1 and +1.4 °C 52yrs−1 in the Ardennes (Fig-

ure 3.4(d)). The absence of a clear trend in winter temperature is also

highlighted by Van de Vyver (2012), who found a non-statistically signi�cant

linear growth in winter extremes for the period 1952/1953�2009 over Bel-

gium. In addition, similar results are found using the MAR-NCEP1 outputs

(Appendix A, Figure A.1). However, the trends computed from MAR-ERA-

20C are positive, larger and signi�cant in any part of Belgium (Appendix A,

Figure A.2). It is easily explained by the fact that air temperature is not

assimilated in ERA-20C (Poli et al., 2016), which overestimates the global

warming in Europe.

3.4.2 Precipitation

Regarding precipitation changes in winter, no signi�cant trend is found in

the Ourthe catchment.

However, Figures 3.5(a) and (b) show a negative signal in both total rainfall

and particularly snowfall valued at -10 mm 52yrs−2 at least. Figures 3.5(c)

and (d) display a positive signal in both extreme precipitation events intensity

(trend in the 95th percentile of the daily precipitation amount in winter) and

frequency (trend in the number of days with daily precipitation amount larger

than its 95th percentile computed over 1960�1991) up to +2 mm 52yrs−2

and up to +2 events 52yrs−2 respectively according to MAR-ERA. The

trends computed using the MAR-ERA-20C outputs are similar but larger

and thus statistically signi�cant in some parts of the Ourthe catchment

(Appendix A, Figure A.4). MAR-NCEP1 simulates opposite trends in

comparison with MAR-ERA and MAR-ERA-20C (Appendix A, Figure A.3).

Therefore comparison with previous studies covering Belgium is needed to

check the relevance of our results. Most of these studies identify an increase

in the winter precipitation amount, along with an increase in both intensity
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Figure 3.5: Trends computed from MAR-ERA over 1959�2010 in (a) the rainfall amount
(RF) in winter (DJF), (b) the snowfall amount (SF) in winter, (c) the intensity of extreme
precipitation events in winter (trend in the 95th percentile of daily precipitation amount in
winter), and (d) the frequency of extreme precipitation events in winter (trend in the number
of days in winter with daily precipitation amount larger than its 95th percentile computed
over 1961�1990). Filled pixels indicate the places where the trends are statistically signi�cant.

and frequency of extreme precipitation events during winter (Gellens, 2000;

Vaes G, Willems P, 2002; De Jongh et al., 2006; Ntegeka and Willems, 2008;

Willems, 2013b,a; RMIB, 2015). However, since the signi�cance of these

trends depends both on the length of the time series and on the duration

of the precipitation events, the aforementioned studies conclude that no

statistically robust trend can be acknowledged regarding precipitation in

Belgium. Despite the absence of signi�cant long-term trends, these studies
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identify multidecadal oscillations characterized by drier periods in the 1900s,

around 1920 and in the mid-1970s (De Jongh et al., 2006; Willems, 2013b,a)

alternating with wetter periods in the 1910-1920s, the 1950-1960s and in the

1990-2000s (Ntegeka and Willems, 2008; Willems, 2013b,a).

3.4.3 Snow cover

By analysing the evolution of the seasonal snow cover in winter, a signi�cant

decreasing trend is identi�ed in all three MAR simulations.

According to MAR-ERA, the maximum of daily snow height signi�cantly

decreases by 5 to 10 cm 52yrs−1 in the Ardennes, and by more than

15 cm 52yrs−1 in the High Fens Plateau (Figure 3.6(a)). Considering snow

days as days with a snow cover of at least 5 cm of thickness, in agreement

with Erpicum et al. (1991)), the number of snow days signi�cantly decreases

up to -15 days 52yrs−1 (Figure 3.6(b)). The onset of the snow cover season

(the �rst day of the year with a snow cover height of at least 1 cm) is

delayed up to +60 days 52yrs−1 in some parts of the Ourthe catchment

(Figure 3.6(c)). By contrast, the end of the snow cover season (the last

day of the year with a snow cover height of at least 1 cm) is shortened

up to -60 days 52yrs−1 only in a small part of the Ourthe catchment area

(Figure 3.6(d)). Therefore, the duration of the snow cover season seems

to shorten throughout the last 52 years. Similar results are found using

the outputs of MAR-NCEP1 (Appendix A, Figure A.5) and MAR-ERA-20C

(Appendix A, Figure A.6). These results are in agreement with studies

carried out in other regions in Europe, such as the low- and medium-elevated

parts of the Alps (Durand et al., 2009; Valt and Cianfarra, 2010; Beniston,

2012b), or the lowland and coastal regions of Norway (Skaugen et al., 2012;

Dyrrdal et al., 2013).

3.4.4 Origin of trends in the winter climate of Belgium

Changes in the winter atmospheric regional circulation partly explains the

trends found in our results. As detailed in Section 1.1, these circulation

changes are often assessed by analysing changes in the North Atlantic Oscil-

lation (NAO) index (Hurrell, 1995; Slonosky and Yiou, 2001; Philipp et al.,

2007). The NAO index is de�ned as the di�erence of the atmospheric surface
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Figure 3.6: Trends computed from MAR-ERA over 1959�2010 in (a) the maximum daily
snow depth (SHMAX) in winter (DJF), (b) the number of days per winter with a snow cover
of at least 5 cm of thickness (SD), (c) the �rst day of the year with a snow depth of at least
1 cm (Si), and (d) the last day of the year with snow depth of at least 1 cm (Sf).

pressure between the Azores High and the Icelandic Low, which corresponds

to the normalized di�erence of sea level surface pressure measured in Lisbon

(Portugal) and in Stykkisholmur/Reykjavik (Iceland). In the wintertime,

the NAO index is known for its high in�uence on the weather of Western

Europe and for its high day-to-day and year-to-year variability. For instance,

negative NAO index values usually correspond to cold and snowy winters in

Belgium such as the winter 2009�2010 (Cattiaux et al., 2010), while positive

NAO index values are associated with mild and rainy winters.
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As outlined by Van de Vyver (2012), the absence of clear trends in the winter

temperatures of Belgium could be due to the perturbation of the warming

signal by the high variability of the regional atmospheric circulation in winter,

assessed from the variation of the NAO index in winter (Figure 3.7(b)).

Figure 3.7: Trends over 1959�2010 of (a) the mean surface pressure (SP) in winter (DJF)
computed from MAR-ERA, and (b) the mean NAO index recorded in winter. Filled pixels
indicate the places where the trends are statistically signi�cant

Furthermore, as the decrease in snowfall does not bring more rainfall,

it suggests that the (non-signi�cant) increasing mean winter temperature

would not be responsible for this declining snowfall trend and the resulting

decrease in snow accumulation. Thus, changes in the winter atmospheric

regional circulation explain in part this decline of both precipitation amount

and snow accumulation. Figure 3.7(a), Figure A.7(a) and Figure A.8(a) show

that whatever the reanalysis forcing the MAR model, an increasing trend

in the daily mean surface pressure in winter of about 1 to 3 hPa 52yrs−1

is found, suggesting an increase in the occurrence of anticyclonic conditions

in winter over the Belgian territory. In addition, Figure 3.7(b) shows a

signi�cant long-term increasing trend in the NAO index during winter over

the studied period, suggesting a strengthening in the Azores High. These

more anticyclonic-like conditions in winter are likely to cause the decrease in

total precipitation amount including snowfall, leading thus to reduced snow

accumulation. However, the MAR integration domain used in this study is

not large enough to further investigate hypothetical circulation changes over

Western Europe. However, this decrease in the precipitation amount over

the studied period may also depend on the period selected for conducting

the trend analysis as the climate of Belgium is a�ected by multidecadal
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oscillations (Ntegeka and Willems, 2008; Willems, 2013b,a).

Nonetheless, it should be noted that the decreasing trends in both precip-

itation amount and snow accumulation simulated by MAR in winter are in

part biased by the inability of MAR to properly simulate convective pre-

cipitation (Section 3.3.2). Indeed, MAR simulates an increase in convective

precipitation during winter especially if MAR is forced by NCEP/NCAR-v1

(Figure 3.8(b)). Therefore, the decrease in precipitation in winter simulated

by MAR could be resulting from an inadequate convective scheme in the

model, given that MAR is a hydrostatic model running at a resolution of

5 km. In addition, the raw reanalyses and previous studies using weather

station observations have opposite conclusions.

Figure 3.8: Trends computed from MAR-NCEP1 over 1959-2010 in the percentage of (a)
the stratiform precipitation amount in winter (DJF) and (b) the convective precipitation
amount in winter. Filled pixels indicate the places where trends are statistically signi�cant.

In any case, the increase in convective precipitation in winter remains to be

explained. As this increase is the greatest in coastal regions (Figure 3.8(b)),

warmer sea surface temperatures could have enhanced instability of the

perturbations which usually cross the country from north-west to south-

east and thereby bring convective precipitation. The North Sea is indeed

acknowledged to be one of the seas belonging to the North-East Atlantic

region which have recorded the fastest warming over the last 25 years (Joyce,

2006; Sherman et al., 2007).

Last of all, it should also be noted that the signal of the trends in both
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the intensity and the frequency of extreme precipitation events is not clear.

The trends obtained from the MAR-NCEP1 outputs (negative signal) more

particularly contrast with the signal obtained from the MAR-ERA and the

MAR-ERA-20C outputs, as well as with conclusions of previous studies. It

brings to light that the reanalysis data (in particular NCEP/NCAR-v1) may

be too coarse to allow to MAR to capture extreme precipitation events in an

accurate way since we directly force the MAR model with the reanalysis.

3.5 Changes in conditions favouring winter �oods

over the period 1959-2010

Since more than 70 % of the �oods in the Ourthe River occurred in winter,

changes in conditions favourable to �oods are investigated by focusing on

this season. Days favourable to �oods (as de�ned in Section 3.3.4) computed

from the MAR-ERA results are summed for each winter of 1959-2010 (see

TFD in Figure 3.9(c)). A distinction is also made between days favourable

to �oods resulting from snowpack melting combined with precipitation (see

SFD in Figure 3.9(a)), and days favourable to �oods from precipitation only

(see PFD in Figure 3.9(b)). Then, for each of these time series, trends and

their signi�cance are computed following the method described in Appendix

(see Supporting Information). Finally, a 5-year running mean is applied

to the time series. The same work is also repeated for the MAR-NCEP1

and MAR-ERA-20C outputs and is available in Supporting Information,

Figures A.9 and A.10.

First of all, long-term linear trends show that MAR-ERA exhibits a signi�c-

ant decreasing trend in SFD of -0.100 days winter−1 (Figure 3.9(a)). Results

obtained using MAR-NCEP1 and MAR-ERA-20C con�rm the decreasing

trend in SFD (Figures A.9(a) and Figures A.10(a)). However, regarding

PFD, the results contrast following the reanalysis forcing the MAR model

since MAR-ERA shows no trend (Figure 3.9(b)), MAR-NCEP1 shows a

signi�cant decreasing trend (Figure A.9(b)) and MAR-ERA-20C computes

a non-signi�cant increasing trend (Figure A.10(b)). As a result, regarding

TFD, MAR-ERA shows a non-signi�cant decreasing trend valued at -0.084

days winter−1 (Figure 3.9(c)), MAR-NCEP1 exhibits a signi�cant decrease in

TFD over the studied period (Figure A.9(c)) while MAR-ERA-20C exhibits
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Figure 3.9: Un�ltered values, 5-year �ltered values and trends computed from MAR-ERA
over 1959�2010 of (a) the number of days per winter (DJF) favourable to �oods due to
snowpack melting combined with rainfall events (SFDMAR−ERA), (b) the number of days
per winter favourable to �oods due to rainfall events alone (PFDMAR−ERA), (c) the total
number of days per winter favourable to �oods (TFDMAR−ERA), (d) the number of �ood
events favourable to �oods per winter (FEMAR−ERA). Un�ltered values, 5-year �ltered
values and trends computed from observations in Sauheid are also displayed with (e) the
number of observed �ood days per winter (TFDOBS), and (f) the number of observed �ood
events per winter (FEOBS).
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no trend (Figure A.10(b)). Observations of e�ective �ood days (TFDOBS)

in Sauheid, based on �ow rate measurements between 1974 and 2010, show

no trend (Figure 3.9(e)). In terms of �ood events (FE), only MAR-NCEP1

exhibits a signi�cant trend valued at -0.042 �oods winter−1 (Figure A.9(d))

while no signi�cant trend can be found in the observations (Figure 3.9(f)).

However, as MAR underestimates convective precipitation, especially if the

model is forced by NCEP/NCAR-v1, extreme run-o� events generated by

this kind of precipitation are probably underestimated. Therefore, the trends

in conditions favourable to �oods computed from the MAR results are likely

to be slightly overestimated, given that the ratio of convective precipita-

tion events versus stratiform precipitation has been increasing since 1959

(Figure 3.8(b)).

On the basis of �ood events observed over 1974�2010 in Sauheid, two

periods of higher �ood occurrence are identi�ed in the 1980s, in agreement

with Pauquet and Petit (1993), and also in the 2000s (see the red line in

Figure 3.9(f)). The period of higher �ood occurrence in the 1980s seems to

be partly induced by an increase in hydroclimatic conditions favourable to

�oods, as a peak is also simulated by all three MAR con�gurations during

this period in SFD (see the red line in Figures 3.9(a)). The higher observed

�ood occurrence in the 2000s could also be partly related to an increase in

favourable hydroclimatic conditions, as all three MAR simulations, and more

particularly MAR-ERA and MAR-ERA-20C, show a new peak in simulated

SFD (see the red line in Figures 3.9(a)) and especially in simulated PFD (see

the red line in Figures 3.9(b)). Although observations about �ood events

frequency are available only after 1974, we identify another peak in the

1960s in SFD (see the red line in Figures 3.9(a)), PFD (see the red line in

Figures 3.9(b)). Since this peak coincides with the higher �ood frequency

period of the 1960s observed by Pauquet and Petit (1993), we assume

that this period of higher �oods frequency was also induced by favourable

hydroclimatic conditions. In addition, previous studies identi�ed the 1960s

as a wetter period (Ntegeka and Willems, 2008; Willems, 2013b,a).

3.6 Chapter conclusion

The main objectives of this chapter were �rst to determine whether signi�cant

trends in snow cover evolution exist over the period 1959�2010 in the
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Belgian Ardennes. Secondly, since most of the �oods that take place in

the Ardennes rivers occur in winter as a result of rapid snowpack melting

and/or heavy rainfall events, this chapter also aimed to assess the changes

in hydroclimatic conditions that could generate �oods in the Ourthe, a river

of the Ardennes. The recent changes in climate were reconstructed using

the RCM MAR forced by several reanalysis datasets: ERA-Interim (1979�

2014) completed by ERA40 (1958�1978), NCEP/NCAR-v1 (1958�2014), and

ERA-20C (1958�2010).

Trends over the period 1959�2010 were computed from the MAR outputs

by focusing on the winter months. In the Ourthe catchment area, neither

MAR-ERA nor MAR-NCEP1 show any signi�cant trends whether in winter

mean temperature or in extreme (P5 and P95) temperature. Regarding

precipitation in winter, MAR-NCEP1 and MAR-ERA-20C show a signi�cant

decrease in large part of the Ourthe catchment ranging from -10 mm and -40

mm 52yrs−2. Trends in both intensity and frequency of extreme precipitation

events show a positive signal with MAR-ERA and with MAR-ERA-20C

reaching +4 mm 52yrs−2 and +4 extreme events 52yrs−2 in some parts

of the Ourthe catchment. All MAR con�gurations exhibit a signi�cant

decrease in the maximum snow height reached during winter in the Ardennes

over 1959�2010, with trends valued between -5 and -15 cm 52yrs−1 in

the Ourthe catchment. The number of days with at least 5 cm of snow

accumulation is reduced up to -15 days 52yrs−1, and the beginning of the

snow season is delayed up to -60 days 52yrs−1 in the highest parts of

the Ourthe catchment. Since the NAO is known to highly impact the

weather of European winters, the large interannual variability of the NAO

index explains the absence of signi�cant trends in winter temperature in

Belgium in comparison with the observed global warming. The general

increase of the NAO index observed since 1959 suggests a higher occurrence

of anticyclonic conditions, which could be responsible for the decrease in

winter precipitation and consequently for the decrease in snow accumulation.

However, the multidecadal oscillations in Belgian precipitation could also

explain the absence of clear trend in precipitation amount and extremes.

Regarding hydroclimatic conditions favouring �oods in winter in the Ourthe

catchment, the number of days favourable to �oods due to snow melting

combined with rainfall events is decreasing over 1959�2010 whatever the

MAR simulations. This results from a decrease in snow accumulation in
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winter and from a shortening of the snow season over the studied period.

Regarding the number of days favourable to �oods due to intense rainfall

alone, the signal depends on the reanalysis used as forcing. It is due to

the fact that the signal and the pattern of the trends in both the intensity

and the frequency of extreme precipitation events di�er depending on the

MAR forcing. In a warmer climate, we could assume that the current

trend of decreasing �oods due to abrupt melting of the snowpack should

accelerate. Yet, this decreasing trend favouring less �oods in Belgium

could be compensated by an increase in the occurrence of extreme rainfall

events and by an increase in precipitation amount in autumn and winter as

highlighted by Baguis et al. (2010); Willems (2013c) or Tabari et al. (2015).

Similar simulations using global models from the CMIP5 (Coupled Model

Intercomparison Project Phase 5) database as forcing should help to better

predict potential changes at the end of this century. It would allow to

provide dynamic downscaling results to enhance the statistical downscaling

�ndings Tabari et al. (2015).

This study brings to light the di�erences and the limits of the reanalyses used

to force the MAR model. Indeed, the comparison of the model results with

observations over 2008-2014 showed that MAR-ERA produces slightly better

results than MAR-ERA-20C and particularly MAR-NCEP1. In addition,

the trend study shows that the results di�er according the reanalysis forcing

MAR. It also shows that given the unclear signal for the impact of extreme

precipitation evolution on conditions favouring �oods, the reanalysis data is

maybe too coarse to allow to MAR to capture those events in an accurate

way. A quick comparison with the literature allows to determine which

reanalysis forcing the MAR model is the best to study each variables:

= When used as MAR forcing, NCEP/NCAR-v1 produces the worst

results when compared with observations, especially in terms of pre-

cipitation amount measurements and consequently �oods dates. The

trend study shows that MAR forced by this reanalysis produces trends

in opposition with previous studies and the two other MAR simulations

regarding the wintertime extreme events intensity and frequency, as well

as conditions favourable to �oods generating by intense rainfall events.

However, MAR-NCEP1 produces consistent results regarding trends in

temperature, snow accumulation and snow season. The weaknesses of

MAR-NCEP1 could be explained by the low spatial resolution of the
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NCEP/NCAR-v1 reanalysis as the MAR model is directly forced by this

reanalysis. Therefore, using MAR-NCEP1 simulations performed at an

intermediate resolution as forcing of the 5 km MAR would possibly

improve the results. However, it should be noted that Kay (2016) found

that the direct use of data from the intermediate resolution is generally

better for hydrological modelling.

= ERA-20C produces good results when compared with observations.

However, the trends in winter temperature computed from MAR-ERA-

20C are overestimated as well as the trends in snow season. Despite

better spatial resolution than NCEP/NCAR-v1, air temperature data

are not assimilated in ERA-20C which potentially explains this bias

in temperature. However, MAR-ERA-20C produces consistent res-

ults regarding trends in extreme precipitations events, trends in snow

accumulation and consequently trends in hydroclimatic conditions fa-

vourable to �oods.

= ERA-Interim produces the best results when compared with observa-

tions and conclusions of previous studies. It is due to a better data

assimilation system and a better spatial resolution in comparison with

NCEP/NCAR-v1 or ERA-20C.

Finally, this study highlights the strengths and the weaknesses of the MAR

model running over a temperate region. Regardless of the reanalysis used

as forcing, MAR showed its ability to reconstruct the variability of the Bel-

gian climate, especially the daily variability of temperature and snow depth.

However, MAR underestimates temperature in winter and conversely, it over-

estimates temperature in summer. MAR also underestimates snow depth.

Moreover, MAR shows di�culties to simulate precipitation in terms of daily

variability and amount. Last of all, although the model allows to reconstruct

hydroclimatic conditions favouring �oods in the Ourthe catchment, it largely

overestimates the number of days which could have generated �oods over

1974�2010. Therefore, in the view of these discrepancies, improvements in

the model are required such as:

= The re-parameterization of the fresh snowfall density would correct the

negative bias in snow accumulation. Indeed, we used a fresh snowfall

density of 300 kg m−3 which is typical in polar regions while lower

values are more relevant in temperate climates ( 100 kg m−3).
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= The improvement of the convective scheme parameterized in MAR

would partly correct precipitation biases as well as temperature biases

in summer. However, it should be noted that studies using convection-

permitting RCM have shown that, while some aspects of precipitation

are improved, some are not improved or can even be worse (Kendon

et al., 2017; Chan et al., 2013; Saeed et al., 2017; Vanden Broucke et al.,

2018).

= The improvement of the surface and soil properties of MAR would also

partly correct precipitation and temperature biases since test simula-

tions demonstrate that wetter soils allow to correct the temperature

biases in summer. The coupling between MAR and a complex hydro-

logical model would possibly reduce the temperature and precipitation

biases by enhancing energy and water �uxes between the surface/soil

and the atmosphere (Larsen et al., 2016; Wagner et al., 2016). Coupling

MAR with a dynamic vegetation model would improve the vegetation-

climate interactions and feedbacks (Strengers et al., 2010). Finally,

coupling MAR to an advanced land-surface model to improve both the

soil moisture-atmosphere and vegetation-atmosphere interactions would

lead to improvements of several aspects of the simulated climate such as

cloud cover, surface temperature and precipitation (Davin et al., 2011).

= The coupling between MAR and a hydrological model would also allow

to improve �oods detection and simulation by taking into account

mechanisms which are too simpli�ed or not represented in the regional

climate models. In this way, the hydrology of the catchment and the

river �ow rate would be explicitly simulated.
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CHAPTER 4

Future evolution of hydroclimatic

conditions favouring �oods in the

south-east of Belgium by 2100

This chapter is based on Wyard C., Scholzen C., Doutreloup S., Fettweis

X. (2018) Future projections of hydroclimatic conditions favouring �oods in

Belgium. In review in International Journal of Climatology.
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4.1 Context

Flow regimes in Belgian catchments are generally dominated by rainfall

(pluvial) rather than snow, 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 3500 km2 (Pauquet and Petit,

1993). While the Ourthe River is mainly rain-fed, the snowpack that covers

the Ardennes summits during winter also in�uences its discharge because of

its bu�ering e�ect (Driessen et al., 2010). The Ourthe reaches its highest

level either in winter or in spring when the snowpack is melting. In the

Ourthe catchment, 70 % of �ood events occur during winter. About half of

the observed �oods are due to abundant rainfall alone. However, the rapid

melting of the snowpack that covers the Ardennes summits, combined with

heavy rainfall events, are responsible for major �oods in the lower part of the

Ourthe River, as it was the case in February 1984, March 1988, December

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 �oods in the Ourthe catchment are therefore likely to

be a�ected by changes in both snow cover and precipitation.

Global warming is already a�ecting snow and ice processes by reducing the

amount of snowfall, the extent of the annual average snow cover and the

snow depth, and by inducing earlier snowmelt in various European regions

such as the Alps (Durand et al., 2009; Valt and Cianfarra, 2010; Beniston,

2012a), 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 �oods dominated by

snowmelt, which is predicted to accelerate in the future (Madsen et al., 2014;

Bell et al., 2016; Vormoor et al., 2016). Belgian high-lands are no exception

to the trend, since their close to 0 °C current mean winter temperature

implies that they are more a�ected by rising temperatures than colder or

warmer regions (Hamlet and Lettenmaier, 2007; Stewart, 2009). By the use

of modelisation, Wyard et al. (2017) found that the maximum snow height

lowered by 5 to 15 cm in the Ardennes over 1959�2010, the number of days

with at least 5 cm of snow accumulation are dropped by up to -15 days, and
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the beginning of the snow season was delayed by up to -60 days in the highest

parts of the Ourthe catchment (Section 3.4.3). Such a decline in the Belgian

seasonal snow cover resulted in a signi�cant decrease (-0.1 days winter−1 over

1959�2010) in conditions favourable to �oods induced by rapid snow melting

(Wyard et al., 2017) (Section 3.5).

Regarding precipitation amount and extreme precipitation event frequency

and intensity in winter, studies based either on observations (Gellens, 2000;

Vaes G, Willems P, 2002; De Jongh et al., 2006; Ntegeka and Willems, 2008;

Willems, 2013a,b; RMIB, 2015) or modeling (Wyard et al., 2017) found no

signi�cant long-term trend over the last century in any part of the Belgian

territory (Section 3.4.2). 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,b) alternating with

wetter periods in the 1910�1920s, the 1950�1960s and in the 1990�2000s

(Ntegeka and Willems, 2008; Willems, 2013a,b), that coincide with the

decadal variations of the North Atlantic Oscillation (NAO). Accordingly,

hydroclimatic conditions favourable to �oods induced by heavy rainfall alone

show no signi�cant long-term trend in the Ourthe catchment over 1959�2010

(Wyard et al., 2017), yet follow the same decadal oscillations as the NAO

(Section 3.5).

In the future, the decline in seasonal snow cover is predicted to continue

while the global hydrological cycle is expected to intensify (Vaughan et al.,

2013). For Belgium, 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 global

climate model (GCM) (Brouwers et al., 2015; Saeed et al., 2017; Vanden

Broucke et al., 2018) concluded that under the RCP8.5 scenario, the intensi-

�cation of the hydrological cycle will lead to increasing precipitation amount,

as well as more frequent and more intense extreme precipitation events in

winter by the end of the 21st century. For the Ourthe River, Driessen et al.

(2010) concluded that �towards the end of the century, all scenarios show a

decrease in summer discharge, partially because of the diminished bu�ering

e�ect by the snow pack, and an increased discharge in winter �. Regarding

hydroclimatic conditions favouring �oods in the Ourthe catchment, we would

expect (despite the absence of high resolution projections for snow cover in

Belgium) the decline due to snow melting to continue in the future, while
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conditions favourable to �oods due to abundant rainfall alone would increase

signi�cantly. The question is whether or not this increase in conditions

favourable to �oods due to abundant rainfall would counterbalance the de-

crease in conditions favourable to �oods due to snow pack melting by the

end of the 21st century.

This study aims to assess the impact of climate change on the winter climate

of Belgium and its consequences on hydroclimatic conditions favourable to

�oods in the Ourthe catchment. This investigation is achieved by using

high-resolution projections of snow cover and precipitation. Such projections

were obtained by downscaling two GCMs, NorESM1-M and MIROC5, from

the CMIP5 archive using the MAR (�Modèle Atmosphérique Régional�)

RCM. By contrast to GCMs, RCMs run over a limited area and at �ner

spatial resolution (down to 5 km for MAR). This implies that the orography

and other surface characteristics are �ner in RCMs than in GCMs whose

typical resolutions turn around 40-200 km. The representation of orographic

features is a key factor for the simulation of temperature, precipitation and

snow. Temperature generally decreases with altitude while snow depends

on the 0 °C isotherm location and elevation. The orography of Belgium

which ranges from sea level to about 700 m a.s.l. is known to have a

clear e�ect on precipitation averages (Journée et al., 2015) and associated

extremes (Brisson et al., 2011; Sneyers et al., 1989; Van Meijgaard, 1995; Van

de Vyver, 2012; Wyard et al., 2017; Zamani et al., 2016). In addition, snow

processes are usually not accounted for in GCMs, while they are in some

RCMs. MAR is one of these RCMs as its snow module, CROCUS, allows

the representation of snow accumulation and metamorphism, snow melting

on the surface, water percolation into the soil/snow, and run-o� of exceeding

water (Brun et al., 1992). The ability of MAR to simulate the current

winter climate of Belgium in terms of its seasonal snow cover, precipitation

extremes and hydroclimatic conditions favouring �oods has been evaluated

in Wyard et al. (2017).

This chapter is organised as follows: Section 4.2 provides additional meth-

odological aspects. Section 4.3 details the evaluation of MAR forced by two

GCMs over 1976�2005 using Historical runs. The evolution of the Belgian

winter climate under the RCP8.5 scenario throughout the 21st century is

then investigated in Section 4.4, while Section 4.4.4 presents the trends

for the hydroclimatic conditions favouring �oods in the Ourthe catchment.
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Conclusions and prospects are �nally reported in Section 4.5.

4.2 Additional methodological aspects

By contrast to Section 3 and Wyard et al. (2017) which used MAR version 3.6,

this Section uses MAR version 3.8, described in Section 2.1, to reconstruct

the climate of Belgium. A comparison between MARv3.6 and MARv3.8 is

provided in Section 2.1.2.

Historical runs were obtained by nesting MAR into the ERA40/ERA-interim

reanalysis (MAR-ERA), described in Section 2.2, and the GCMs NorESM1-

M and MIROC5 (MAR-NOR-histo and MAR-MIR-histo) over 1976�2005.

NorESM1-M and MIROC5 are two GCMs from the CMIP5 archive that we

selected by using the skill score methodology of Connolley and Bracegirdle

(2007) as described in Section 2.3. MAR-ERA was later considered as

reference for the present-day climate.

Future projections were obtained by nesting MAR into NorESM1-M and

MIROC5, under the RCP8.5 scenario over 2006�2100 (MAR-NOR-rcp85

and MAR-MIR-rcp85).

It should be noted that conditions favouring �oods were computed for the

Ourthe catchment upstream of Sauheid. This part of the Ourthe catchment

has an area of 2900 km2 and its limits are drawn in light blue in Figure 4.2

to Figure 4.6.

4.3 Evaluation over the current climate

The aim of this section is to evaluate the ability of MAR forced by two GCMs

selected from the CMIP5 archive, MAR-NOR-histo and MAR-MIR-histo, to

simulate the present-day winter climate over Belgium. A good representation

of the current climate is indeed a necessary condition required to realistically

simulate future climate changes. A model that fails to reproduce the

current climate generates projections that lack reliability and validity since

the response of the climate to a warming is not linear (Fettweis et al.,

2013). In order to evaluate the consistency of MAR forced by NorESM1-M

and MIROC5, we compared the climatic mean of both MAR-NOR-histo

and MAR-MIR-histo to MAR-ERA for the period 1976�2005 regarding
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temperature, precipitation, snow cover and conditions favourable to �oods.

As previously done in Fettweis et al. (2013), the di�erences between MAR

forced by both GCMs and MAR-ERA are considered statistically signi�cant

if they are larger than the interannual variability of MAR-ERA over 1976�

2005.

4.3.1 Temperature

The seasonal climatology of the mean winter temperature (TAVE) and the

number of frost days per winter (FD) computed over 1976�2005 from MAR-

ERA is displayed in Figure 4.1). Compared to this reference climatology,

MAR-NOR-histo is warmer while MAR-MIR-histo is colder over 1976�2005

(Figure 4.2).

Figure 4.1: The 1976-2005 average (a) mean temperature (TAVE), and (b) number of
frost days (FD), simulated by MAR-ERA in winter.

MAR-NOR-histo signi�cantly overestimates TAVE by up to +3 °C (Fig-

ure 4.2(a)). These biases are large compared to the 1976�2005 TAVE

simulated by MAR-ERA in winter which ranges from -1 to 4 °C (Fig-

ure 4.1(a)). FD, which is de�ned as the number of days with daily minimum

temperature below 0 °C, is signi�cantly underestimated in MAR-NOR-histo,

by -10 days winter−1 in Low Belgium and up to -25 days winter−1 in the

highest parts of the Ardennes massif (Figure 4.2(c)). These biases are also

large compared to the 1976�2005 FD simulated by MAR-ERA in winter

which ranges from 30 to 70 days winter−1 (Figure 4.1(b)).

MAR-MIR-histo, for its part, underestimates TAVE over land area. However,

these negative biases are non-signi�cant (Figure 4.2(b)). FD is signi�cantly
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Figure 4.2: Anomalies in winter (DJF) of MAR-NOR-histo and MAR-MIR-histo with
respect to MAR-ERA over 1976-2005 regarding (a)-(b) the mean temperature (TAVE),
(c)-(d) the number of frost days (FD). Filled pixels indicate the places where the anomalies
are statistically signi�cant with respect to the MAR-ERA interannual variability. Hashed
pixels indicate the places where the anomalies are statistically non-signi�cant.

overestimated in MAR-MIR-histo over Low and Middle Belgium by +10 to

+15 days winter−1 (Figure 4.2(d)).

4.3.2 Precipitation

The seasonal climatology of precipitation computed over 1976�2005 from

MAR-ERA is displayed in Figure 4.3). Compared to this reference cli-

matology, MAR-NOR-histo is wetter while MAR-MIR-histo is dryer over

1976�2005 (Figure 4.4).

MAR-NOR-histo shows signi�cant positive biases in total precipitation in

winter (PPNtot) over the Ardennes massif, ranging from +40 to +140 mm winter−1

(Figure 4.4(a)). Biases in PPNtot result from an overestimation of the
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Figure 4.3: The 1976-2005 average (a) total precipitation amount (PPNtot), (b) convective
precipitation amount (CP), (c) rainfall amount (RF), (d) snowfall amount (SF), (e) extreme
precipitation intensity, and (f) extreme precipitation frequency, simulated by MAR-ERA in
winter.

amount of rainfall (RF) as biases in RF show the same pattern as biases in

PPNtot and range from +40 to +160 mm winter−1 (Figure 4.4(c)). Biases

in PPNtot and RF are the largest where altitude is the highest. Regarding

the intensity of extreme precipitation events in winter (PPN95, the 95th per-

centile of the daily precipitation amount in winter as de�ned in Wyard et al.

(2017)), MAR-NOR-histo ampli�es PPN95, although the parts of the Belgian
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territory where these biases are signi�cant are very limited (Figure 4.4(e)).

Figure 4.4: Anomalies in winter (DJF) of MAR-NOR-histo and MAR-MIR-histo with
respect to MAR-ERA over the period 1976-2005 regarding (a)-(b) the total amount of pre-
cipitation (PPNtot), (c)-(d) the amount of rainfall (RF), (e)-(f) the intensity of extreme
(P95) precipitation (PPN95). Filled pixels indicate the places where the anomalies are stat-
istically signi�cant with respect to the MAR-ERA interannual variability. Hashed pixels
indicate the places where the anomalies are statistically non-signi�cant.

MAR-MIR-histo shows the opposite behaviour with respect to MAR-NOR-

histo. MAR-MIR-histo shows signi�cant negative biases in PPNtot over

the entire Belgian territory except coastal regions. These biases range from

-20 to -160 mm winter−1 (Figure 4.4(b)). Biases in PPNtot result from an
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underestimation of RF as biases in RF show the same pattern as biases in

PPNtot and range from -20 to -160 mm winter−1 (Figure 4.4(d)). Regarding

PPN95, MAR-MIR-histo signi�cantly attenuates it over the southern and

the north-eastern parts of Belgium, with values ranging from -1 to more

than -5 mm (Figure 4.4(f)). It should be noted that the biases in PPNtot,

RF and PPN95 are the largest in south-western foothills of the Ardennes

massif, which is the direction from which most of the winter perturbations

originates from. As temperature is underestimated in MAR-MIR-histo, this

suggests that saturation is not reached in this part of the country due to a

lack of humidity.

4.3.3 Snow

Compared to the 1976�2005 climatology computed from MAR-ERA (Fig-

ure 4.5), MAR-NOR-histo underestimates daily mean snow height (SHAVE)

and maximum daily snow height (SHMAX), especially over the Belgian

summits, but the biases are non-signi�cant (Figure 4.6(a)-(c)).

Conversely, MAR-MIR-histo overestimates SHAVE and SHMAX, but the

biases are only signi�cant for SHMAX over the lowest part of Belgium with

biases ranging from +3 to more than +5 cm ((Figure 4.6(b)-(d)) whereas

MAR-ERA simulates average SHMAX values up to 5 cm (Figure 4.5(c)).

Since only rainfall biases are signi�cant (Section 4.3.2) and as the pattern of

the biases in SHMAX is the same as the biases in FD (Figure 4.2(d)), we

conclude that the overestimation of SHMAX over Low Belgium is due to an

excess in the occurrence of minimum temperature below 0 °C in this part of

the country (Section 4.3.1).

4.3.4 Conditions favouring �oods

Finally, the ability of MAR forced by both GCMs to simulate hydroclimatic

conditions favourable to �oods has been investigated. As in Wyard et al.

(2017), one day was de�ned as favourable to �oods if the run-o� computed

by MAR, integrated and averaged over the Ourthe catchment area and

�nally averaged over the two days preceding a �ood event, is larger than its

95th percentile computed over a period of 30 years (1976-2005). Moreover,

as there are two types of �oods in the Ourthe catchment, we made the
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Figure 4.5: The 1976-2005 average (a) number of snow days (SD), (b) snow height
(SHAVE), and (c) maximum snow height (SHMAX), simulated by MAR-ERA in winter.

distinction between extreme run-o� events generated by snow melt combined

to rainfalls (SFD for Snow melting Flood Days) and extreme run-o� events

generated by heavy rainfall alone (PFD for Precipitation Flood Days). The

total number of days favourable to �oods is the sum of SFD and PFD

(TFD = SFD + PFD).

Compared to MAR-ERA, SFD and PFD are slightly overestimated in MAR-

NOR-histo, although the di�erences valued at +0.1 days winter−1 for SFD

and +1.1 days winter−1 for PFD (Table 4.1) are non-signi�cant as they are

smaller than the interannual variability of MAR-ERA over 1976-2005. As

a result, the biases found in TFD in the Ourthe catchment computed from

MAR-NOR-histo are also non-signi�cant.

MAR-MIR-histo, for its part, overestimates SFD by +2.7 days winter−1 and

conversely underestimates PFD by -2 days winter−1, while TFD is slightly

overestimates by +0.8 days winter−1 (Table 4.1). For SFD, this positive

bias originates from the overestimation of snow accumulation in the Ourthe
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Figure 4.6: Anomalies in winter (DJF) of MAR-NOR-histo and MAR-MIRhisto with re-
spect to MAR-ERA over the period 1976-2005 regarding (a)-(b) the daily mean snow height
(SHAVE), (c)-(d) the maximum daily snow height (SHMAX). Filled pixels indicate the
places where the anomalies are statistically signi�cant with respect to the MAR-ERA inter-
annual variability. Hashed pixels indicate the places where the anomalies are statistically
non-signi�cant.

Table 4.1: Average number of days favourable to �oods per winter due to snowpack melting
(SFD) and due to rainfalls (PFD) as well as the total average number of days favourable to
�oods (TFD = SFD + PFD) modelled by MAR-ERA, MAR-NOR-histo and MAR-MIR-histo
over 1976�2005.

Simulation SFD PFD TFD

[days winter−1] [days winter−1] [days winter−1]

MAR-ERA 4.2 ± 3.5 5.5 ± 3.0 9.7 ± 3.9

MAR-NOR-histo 4.3 ± 3.1 6.6 ± 3.2 10.9 ± 4.5

MAR-MIR-histo 7.0 ± 2.7 3.5 ± 2.9 10.5 ± 3.9
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catchment due to too low temperatures (Sections 4.3.1 and 4.3.3). Regarding

TFD, the negative bias results from the underestimation of PPN95 in the

Ardennes massif (Section 4.3.2). Since these biases are also non-signi�cant

when compared to the interannual variability of MAR-ERA, we conclude that

both MAR-NOR-histo and MAR-MIR-histo satisfactorily simulate extreme

run-o� events.

4.3.5 Origin of biases

The comparison of MAR-NOR-histo and MAR-MIR-histo with MAR-ERA

has brought to light that the simulations forced by the two GCMs exhibit

opposite biases. MAR-NOR-histo is too warm and too wet on average

while MAR-MIR-histo is too cold, too dry and too snowy with respect to

MAR-ERA. The good side of this statement is that using simulations which

have opposite biases provides a good range of potential future scenarios.

Nonetheless, discrepancies between all these three MAR simulations remain

to be explained. Seeing that MAR-ERA, MAR-NOR-histo and MAR-MIR-

histo use the exact same MAR set-up, the di�erences between these three

simulations can only be explained by their forcing data.

Biases found in the GCMs from CMIP5 have been widely investigated in the

literature. By comparing NorESM1-M with observations and reanalyses over

1976�2005, Bentsen et al. (2013) highlight that NorESM1-M overestimates

cloud liquid water content (and thus precipitation), particularly in the

extratropical storm track regions. Bentsen et al. (2013) also found that the

model overestimates air temperature over Western Europe. These biases

are in agreement with the overestimation in rainfall and the overestimated

near-surface air temperature in winter 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

slightly underestimates precipitation in general, which is in agreement with

the underestimated winter precipitation found in MAR-MIR-histo.

As explained in Section 1.1, the European wintertime climate is known to be

strongly constrained by the occurrence and the persistent of quasi-stationary

circulation patterns of larger scale, also referred to as "weather regimes"

(Reinhold and Pierrehumbert, 1982; Legras and Ghil, 1985; Vautard, 1990;

Philipp et al., 2007). Biases in the frequency of occurrence of each weather
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regime simulated by the GCMs could therefore be responsible for the biases

found in our MAR simulations. Studies usually classify these circulation

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, while the negative phase of the NAO (NAO-) is associated

with cold and snowy winters over Belgium. The persistence of a high-

pressure system over Northern Europe or the British Isles, often referred to

as �Scandinavian blocking� (SB) conditions, leads to cold and dry weather

over Western Europe. Finally, the persistence of a high-pressure system

over the Northern Atlantic, also referred to as "Atlantic ridge" (AR),

allows in�ow of arctic maritime air and is associated with cold and snowy

winters. Cattiaux et al. (2013) investigated the ability of each GCM from

CMIP5 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 it underestimates the NAO- and SB mean frequencies by about -5%

and -15% respectively. This explains why MAR-NOR-histo shows positive

biases in temperature and (liquid) precipitation and negative biases in

snow accumulation over a similar period (1976-2005). MIROC5, for its part,

overestimates the NAO- and AR mean frequencies by about +20% and +10%

respectively, while underestimating the NAO+ and SB mean frequencies by

about -25% and -5% respectively. This explains why MAR-MIR-histo shows

negative biases in temperature and (liquid) precipitation, and positive biases

in snow accumulation.

4.4 Future changes in the Belgian winter cli-

mate

This section aims to assess the evolution of the Belgian climate during the

winter months (DJF) by the end of the 21st century under the RCP8.5

scenario. Changes in the future Belgian 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), for a given climate variable, its future changes were considered as

signi�cant if they were larger than its 1976�2005 interannual variability.
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In addition, the evolution of the winter climate was also computed over

2006�2100 for the Ourthe catchment.

4.4.1 Temperature

For the end of the 21st century, MAR-MIR-rcp85 exhibits larger changes in

temperature than MAR-NOR-rcp85 with respect to the present-day climate

(Figure 4.7). Changes in both MAR simulations are larger than their biases

over the present-day climate.

Figure 4.7: Changes in winter (DJF) of MAR-NOR-rcp85 and MAR-MIR-rcp85 with re-
spect to MAR-NOR-histo and MAR-MIR-histo for the period 2071�2100 with respect to
1976�2005 regarding (a)-(b) the mean temperature (TAVE), (c)-(d) the number of frost
days (FD). Filled pixels indicate the places where the changes are statistically signi�cant with
respect to the MAR-NOR-histo and MAR-MIR-histo interannual variability over 1976�2005.
Hashed pixels indicate the places where the changes are statistically non-signi�cant.

The 2071�2100 TAVE computed by MAR-NOR-rcp85 exhibits a signi�cant

increase by +2 to +3 °C over the entire Belgian territory with respect
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to the 1976�2005 TAVE (Figure 4.7(a)). These values range from +3 to

+5 °C for TAVE simulated by MAR-MIR-rcp85 (Figure 4.7(b)), depending

on the altitude. The higher the altitude, the larger is the increase in

TAVE. The results also show a signi�cant decrease in future FD. MAR-

NOR-rcp85 simulates a decrease in FD between -10 and -25 days winter−1

(Figure 4.7(c)), while MAR-MIR-rcp85 simulates a decrease in FD by -

15 days winter−1 in coastal regions to -30 days winter−1 in the highest parts

of Belgium (Figure 4.7(d)).

High-resolution simulations performed with COSMO-CLM (Brisson et al.,

2011) and ALARO (De Troch et al., 2013) show similar results. Under

RCP8.5, these RCMs exhibit a signi�cant increase in TAVE valued at

+6.2 °C for Uccle (Middle Belgium) by the end of the century (Brouwers

et al., 2015). They also found that temperature changes are larger in High

Belgium than in Low and Middle Belgium.

4.4.2 Precipitation

By comparing the 2071�2100 mean climate with the 1976�2005 mean climate,

MAR-NOR-rcp85 and MAR-MIR-rcp85 show no signi�cant changes in RF

over most of the Belgian territory (Figure 4.8(a)-(b)). Only MAR-NOR-

rcp85 simulates a signi�cant increase in RF over coastal regions, ranging

from +40 to +70 mm winter−1 (from +20 to +50 % winter−1) depending

on the distance to the North Sea. The larger the distance is, the smaller

the increase in RF is. In addition, MAR-NOR-rcp85 and MAR-MIR-rcp85

agree on a signi�cant decrease in the amount of snowfall (SF) over the

Ardennes massif, with values ranging from -20 to -80 mm winter−1 (from

-50 to -70 % winter−1) (Figure 4.8(c)-(d)). Compared to MAR-NOR-rcp85,

MAR-MIR-rcp85 simulates signi�cant changes in SF over the entire Belgian

territory, which are on average +10 mm winter−1 (+10 % winter−1) larger. It

should be noted that the signi�cant decrease in SF is not counterbalanced by

a signi�cant increase in rainfall, which suggests that solid precipitation is not

converted into liquid precipitation. MAR-NOR-rcp85 and MAR-MIR-rcp85

also agree on a signi�cant increase in the amount of convective precipitation

in winter (CP) as shown in Figure 4.8(e)-(f).

Regarding extreme precipitation events in winter, the signal is not clear.

MAR-NOR-rcp85 simulates an increase in their intensity (PPN95) over very
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Figure 4.8: Changes in winter (DJF) of MAR-NOR-rcp85 and MAR-MIR-rcp85 with re-
spect to MAR-NOR-histo and MAR-MIR-histo for 2071�2100 with respect to 1976�2005
regarding (a)-(b) the amount of rainfalls (RF), (c)-(d) the amount of snowfalls (SF), and
(e)-(f) the amount of convective precipitation (CP). Filled pixels indicate the places where
the changes are statistically signi�cant with respect to the MAR-NOR-histo and MAR-MIR-
histo interannual variability over 1976�2005. Hashed pixels indicate the places where the
changes are statistically non-signi�cant.

limited parts of coastal regions (Figure 4.9(a)). These changes range from

+1 to +3 mm (from +10 to +40 %) by the end of the century. The pattern

of these changes is the same as for CP in both MAR future projections
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(Figure 4.8(e)). MAR-NOR-rcp85 also simulates a signi�cant increase in

the frequency of extreme precipitation events (PPNF95, number of days

per winter with daily precipitation amount larger than its 95th percentile

computed over 1976�2005) between +1 and +2 days winter−1 (from +40

to +80 % winter−1) over limited parts of northern Belgium (Figure 4.9(c)).

On the contrary, MAR-MIR-rcp85 shows a non-signi�cant negative signal in

both PPN95 and PPNF95 (Figure 4.9(b)-(d)).

Figure 4.9: Changes in winter (DJF) of MAR-NOR-rcp85 and MAR-MIR-rcp85 with re-
spect to MAR-NOR-histo and MAR-MIR-histo for 2071�2100 with respect to 1976�2005
regarding (a)-(b) the intensity of extreme (P95) precipitation events (PPN95), and (c)-(d)
the frequency of extreme precipitation events (PPNF95). Filled pixels indicate the places
where the changes are statistically signi�cant with respect to the MAR-NOR-histo and MAR-
MIR-histo interannual variability over 1976�2005. Hashed pixels indicate the places where
the changes are statistically non-signi�cant.

Ensemble simulations from CMIP5 exhibit an increase in PPNtot valued

at +19.62 ±21.64 % (Tabari et al., 2015), while high resolution future

projections simulate an increase in PPNtot of +38 % winter−1 over central

Belgium (Brouwers et al., 2015). As in MAR-NOR-rcp85, this increase is
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expected to be greater in coastal regions. Brouwers et al. (2015) stated that

this coastal e�ect is greatly dependent on the interaction between changes

in air currents, the temperature contrast between land and sea, and the

increase in temperature. The models that predict the greatest increase in

precipitation near the coast are also those with the greatest temperature

gradient between the North Sea and Uccle. Regarding extreme precipitation

events, Saeed et al. (2017), using the COSMO-CLM RCM, simulated a

signi�cant increase in their intensity by Mid-century (2060-2069), which is

predicted to continue beyond this period (Brouwers et al., 2015). Vanden

Broucke et al. (2018) also found an increase in both the frequency and the

intensity of extreme daily precipitation accumulation by the end of the 21st

century. This ampli�cation is again expected to be the largest in coastal

regions. Although MAR-NOR-rcp85 also simulates an intensi�cation of

extreme precipitation events, the changes computed from both MAR future

simulations are not signi�cant and diverge.

4.4.3 Snow cover

Both MAR-NOR-rcp85 and MAR-MIR-rcp85 simulate a decrease in snow

cover by the end of the century that is larger than their biases over the

present-day climate. However, as shown in Figure 4.10(a)-(c)-(e), neither

SHAVE, SHMAX, nor SD (the number of days per winter with a snow cover

of at least 5 cm of thickness) change signi�cantly in the MAR-NOR-rcp85

simulations.

MAR-MIR-rcp85 however, simulates a signi�cant, larger decrease in all

these three variables over the Ardennes and hence in the Ourthe catchment

(Figure 4.10(b)-(d)-(f)). As shown in Figure 4.10(b), MAR-MIR-rcp85 shows

a signi�cant decrease in SHAVE from -2 to -8 cm, which is signi�cant in

the highest parts of the Ardennes. A signi�cant decrease in SHMAX is

also simulated by MAR-MIR-rcp85, with values ranging from -2 to -6 cm

over lowlands, and from -6 cm to more than -10 cm in the Ardennes

(Figure 4.10(d). SD is also signi�cantly decreasing over the highest parts of

the Ardennes in MAR-MIR-rcp85, with values larger than -10 days winter−1

(Figure 4.10(f)).
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Figure 4.10: Changes in winter (DJF) of MAR-NOR-rcp85 and MAR-MIR-rcp85 with
respect to MAR-NOR-histo and MAR-MIR-histo for 2071�2100 with respect to 1976�2005
regarding (a)-(b) the daily average snow height (SHAVE), (c)-(d) the maximum daily snow
height (SHMAX), and (e)-(f) the number of snow days (SD). Filled pixels indicate the places
where the changes are statistically signi�cant with respect to the MAR-NOR-histo and MAR-
MIR-histo interannual variability over 1976�2005. Hashed pixels indicate the places where
the changes are statistically non-signi�cant.

4.4.4 Conditions favouring �oods

The 2071�2100 SFD is valued at 1.2 days winter−1 in MAR-NOR-rcp85

and 1.8 days winter−1 in MAR-MIR-rcp85 (Table 4.2). Compared to
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1976�2005 (Table 4.1), this represents a signi�cant decrease of -73% and

-74% respectively (Table 4.2), which results from decreased SHMAX and

SD simulated in the Ardennes (Section 4.4.3). The evolution of SFD

between 1976 and 2100 is plotted in Figure 4.11(a)-(d). Despite a large

interannual variability, a steady decline in SFD can be observed in both

MAR future simulations. The linear trend in SFD computed for the

period 2006�2100 is signi�cant and valued at -0.023 days winter−1 in MAR-

NOR-rcp85 (Figure 4.11(a)) and -0.024 days winter−1 in MAR-MIR-rcp85

(Figure 4.11(d)).

Table 4.2: Average number of days favourable to �oods per winter due to snowpack
melting (SFD) and due to rainfalls (PFD) as well as the total average number of days
favourable to �oods (TFD = SFD + PFD) modelled by MAR-ERA, MAR-NOR-histo
and MAR-MIR-histo for the period 2071�2100.

Simulation SFD PFD TFD

[days winter−1] [days winter−1] [days winter−1]

MAR-NOR-rcp85 1.21(-73%)2 8.3 (+26%) 9.5 (-13%)

MAR-MIR-rcp85 1.8 (-74%) 4.8 (+39%) 6.6 (-37%)

1 The values in bold are statistically signi�cant.
2 The values under brackets refer to changes with respect to 1976�2005.

The 2071�2100 PFD is valued at 8.3 days winter−1 in MAR-NOR-rcp85 and

4.8 days winter−1 in MAR-MIR-rcp85 (Table 4.2). Compared to 1976�2005

(Table 4.1), this represents a non-signi�cant increase of +26% and +39%

respectively (Table 4.2), which results from a non-signi�cant increase in

RF, PPN95 and PPNF95 simulated in the Ardennes (Section 4.4.2 ). The

evolution of PFD between 1976 and 2100 is plotted in Figure 4.11(b)-(e). The

linear trend in PFD computed for the period 2006�2100 is non-signi�cant

and valued at +0.025 days winter−1 in MAR-NOR-rcp85 (Figure 4.11(b))

and +0.016 days winter−1 in MAR-MIR-rcp85 (Figure 4.11(e)).

The resulting 2071�2100 TFD is valued at 9.5 days winter−1 in MAR-NOR-

rcp85 and 6.6 days winter−1 in MAR-MIR-rcp85 (Table 4.2). Compared to

1976�2005 (Table 4.1), this represents a decrease of -13% and -37% respect-

ively, which is signi�cant in MAR-MIR-rcp85 (Table 4.2). This negative

signal indicates that the trend in TFD is dominated by the decrease in SFD.

The evolution of TFD between 1976 and 2100 is plotted in Figure 4.11(c)-(f).

The linear trend in TFD computed for the period 2006�2100 is non-signi�cant
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Figure 4.11: Time series, 30-year running mean, and trends computed from MAR-NOR-
rcp85 and MAR-MIR-rcp85 of (a)-(d) the number of days per winter (DJF) favourable to
�oods due to snowpack melting combined with rainfall events (SFD), (b)-(e) the number
of days per winter favourable to �oods due to rainfall events alone (PFD), (c)-(f) the total
number of days per winter favourable to �oods (TFD)

and valued at +0.002 days winter−1 in MAR-NOR-rcp85 (Figure 4.11(c))

and -0.009 days winter−1 in MAR-MIR-rcp85 (Figure 4.11(f)).

4.4.5 Origin of discrepancies and uncertainties in future

projections

Under the RCP8.5 scenario, both models generally agree on future increasing

temperature, increasing RF and CP, decreasing SHMAX and SD in winter by

the end of the century. Consequently, both models simulate decreasing SFD

and a (non-signi�cant) increase in PFD in the Ourthe catchment. However,

MAR-MIR-rcp85 generally shows larger temperature increase, as well as

larger SF and snow cover decrease than MAR-NOR-rcp85, while the latter

shows larger RF, CP and PPN95 increase than MAR-MIR-rcp85. Discrep-

ancies in our future projections remain to be explained. As already stated in

Section 4.3.5, these discrepancies can only be related to the MAR boundary

conditions, namely the CMIP5 GCM outputs which were downscaled using

MAR. The comparison between the trends computed from the MAR future

projections and those computed from NorESM1-M and MIROC5 regarding
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RF and SF con�rms that the trends and the discrepancies between our MAR

simulations result from their forcing (Figure B.1, Appendix B).

Van Uytven and Willems (2018) analysed 160 CMIP5 climate simulations

and showed that for the time horizon 2071-2100, the AOGCMs uncertainty

overpasses the uncertainty linked to the greenhouse gas concentrations. This

statement suggests that discrepancies between NorESM1-M and MIROC5

are mainly related to the physics of these two AOGCMs. For instance, under

the same RCP scenario, both AOGCMs do not simulate the same increase

in temperature or the same answer of large-scale dynamics (Cattiaux et al.,

2012). Cattiaux et al. (2013) 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 (+5 %) and NAO- regime (+3 %), while

MIROC5 exhibits more frequent NAO- regime (+8 %) and NAO+ regime

(2 %) in the future. The larger increase in winter temperature simulated

by MAR-MIR-rcp85 may therefore partly result from the increase in the

frequency of NAO+ regime simulated by MIROC5.

Besides discrepancies and uncertainties related to the MAR forcings, issues

related to the parameterizations implemented in the MAR RCM provide

an additional source of uncertainty in our future projections. For instance,

(Wyard et al., 2017) showed that MAR underestimates CP. Therefore, the

projected increase in winter CP simulated by MAR also adds uncertainty in

the reliability of PPNtot, PPN95, PPNF95 and PFD simulated by MAR.

The uncertainty linked to the model physics can account for the largest

source of uncertainty in future projections.

4.5 Chapter conclusion

This chapter aims at evaluating the future evolution of hydroclimatic con-

ditions favouring winter �oods in the Ourthe catchment by the end of the

21st century under the RCP8.5 scenario. For this purpose, two GCMs from

CMIP5, NorESM1-M and MIROC5, were selected by using the skill score

methodology of Connolley and Bracegirdle (2007) and 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 the version 3.8 of MAR forced by
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these two GCMs. An evaluation of the historical simulations was �rst con-

ducted 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 then carried out by comparing the 2071�2100

future mean climate to the 1976�2005 present-day mean climate.

The evaluation of the MAR forced by GCM simulations shows that 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 signi�cantly overestimates TAVE up to +3 °C, while MAR-MIR-histo

exhibits cold but non-signi�cant biases in TAVE up to -2 °C. Signi�cant

biases are also found in precipitation. MAR-NOR-histo overestimates RF

up to +140 mm winter−1 on the Ardennes summits, while MAR-MIR-histo

underestimates RF up to -140 mm winter−1 in the south-western foothills

of the Ardennes. No signi�cant bias is found in snow accumulation except

in MAR-MIR-histo which signi�cantly overestimates SHMAX in the coastal

regions. Regarding hydroclimatic conditions favouring �oods, discrepancies

between MAR-ERA, MAR-NOR-histo, and MAR-MIR-histo are found to

be non-signi�cant. Biases in the MAR simulations are explained by biases

in the frequency of occurrence of weather regimes simulated by the forcing

GCMs. NorESM1-M favours NAO+ regime and therefore mild winters

whereas MIROC5 favours NAO- regime and therefore cold and dry winters

in Belgium.

Future trends show that both MAR-NOR-rcp85 and MAR-MIR-rcp85 agree

on future increasing temperature (up to +5 °C in MAR-MIR-rcp85), increas-

ing CP (up to +40 mm winter−1 in MAR-NOR-rcp85) and decreasing SF (up

to -80 mm winter−1), SHMAX (more than -10 cm winter−1 in MAR-MIR-

rcp85), SD (more than -10 days winter−1 in MAR-MIR-rcp85) by comparing

the 2071�2100 mean climate to 1976�2005. Only MAR-NOR-rcp85 shows a

signi�cant increase in RF, although only in coastal regions. We emphasize

that our results are in agreement with previous �ndings (Brouwers et al.,

2015; Tabari et al., 2015; Saeed et al., 2017). 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 exhib-

its larger increasing CP and RF, which is the largest close to the North

Sea. These discrepancies between MAR-NOR-rcp85 and MAR-MIR-rcp85

84



4. Evolution of hydroclimatic conditions favouring �oods by 2100

are hardly explained by their present-day biases and appear to be linked to

discrepancies in future changes in large-scale dynamics, as well as to non-

dynamical processes. MIROC5 favours NAO+ regime, which may explain

why MAR-MIR-rcp85 simulates a larger increase in temperature. Moreover,

a more intense snow-albedo feedback may explain why this simulation shows

the largest increase in temperature and the largest snow cover depletion.

For its part, NorESM1-M favours AR regime. AR regime is known to bring

unstable arctic maritime air from the north of Belgium, which may therefore

explain why MAR-NOR-rcp85 simulates a larger increase in CP and RF in

the coastal regions.

Regarding, the future evolution of hydroclimatic conditions favouring �oods

in the Ourthe catchment, both MAR future projections simulate a signi�cant

decrease in SFD and a (non-signi�cant) increase in PFD. Compared to 1976�

2005, the 2071�2100 mean SFD decreases by about -70%, while PFD is

increasing by +26% in MAR-NOR-histo and by +39% in MAR-MIR-rcp85.

As a result, TFD shows no signi�cant trend. However, given that CP is

predicted to increase in the future ( the part of CP was very small in the

present-day climate) and given that MAR is known to underestimate CP,

uncertainties are large regarding the evolution of precipitation, their extremes

and therefore also TFD. Despite the signi�cant improvements implemented

in the convective scheme of MARv3.8 (Section 2.1.2), substantial biases in

the computation of CP remain. We therefore stress that the parameterization

of convection in MAR requires further improvement.

As further perspectives, given that part of the biases found in our simulations

were inherited from the forcing GCMs, it may be relevant to reiterate this

study with the updated forcing data, so as to assess the sensitivity of our

RCM MAR to the GCM uncertainty.
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CHAPTER 5

Current evolution of global radiation

and cloudiness over 1959-2010

This chapter is based on Wyard C., Doutreloup S., Belle�amme A., Wild M.,

and Fettweis X. (2018) Global Radiative Flux and Cloudiness Variability for

the Period 1959�2010 in Belgium: A Comparison between Reanalyses and

the Regional Climate Model MAR. Atmosphere, 9 (7), 262, doi: 10.3390/

atmos9070262.
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5.1 Context

The amount of solar radiation reaching the Earth's surface or global radiative

�ux (hereafter referred to as Eg↓) governs a wide range of processes that

support life on Earth. It generates changes in the water cycle and carbon

cycle and cause droughts or heat waves (Wild, 2012). Furthermore, renewable

energies, such as solar power, are a growing part of the energy sector. Thus

the supply system could be more vulnerable to Eg↓ changes (Jerez et al.,

2015). Given the impacts on our environment and our electricity production,

an accurate insight into changes in the Eg↓ and the causes of such changes is

crucial.

Measurements provide the best estimate of Eg↓ variability where they are

taken. Worldwide monitoring of Eg↓ from ground-based stations began

in the late 1950s. These ground-based measurements suggest that the

period 1950-1980 was marked by a decrease in Eg↓ better known as �global

dimming� (Gilgen et al., 1998; Liepert, 2002; Sanchez-Lorenzo et al., 2015;

Stanhill and Cohen, 2008). This dimming was followed by a partial recovery

(�brightening�) in some regions of the world, including Europe and North

America (Sanchez-Lorenzo et al., 2015; Pinker et al., 2005; Wild et al., 2005).

Variations in total cloud cover (hereafter referred to as TCC) and in the

aerosol atmospheric load were identi�ed as the most likely causes of these

decadal variations. On the one hand, low to medium clouds re�ect solar

radiation towards space, which a�ects variations on monthly to decadal time

scales (cloud-radiation interactions) (Chiacchio and Wild, 2010; Norris and

Wild, 2007). On the other hand, aerosols such as sulphate particles can

directly modify Eg↓ by scattering and/or absorbing solar radiation (aerosol-

radiation interactions) (Marmer et al., 2007; Schulz et al., 2006; Cherian

et al., 2014; Yang et al., 2016a,b). In addition, these two factors are not

completely independent since aerosols can modify cloud properties (aerosol-

cloud interactions) by changing the amount of cloud condensation nuclei

which also changes the albedo (Twomey, 1977) and the lifetime of clouds

(Lohmann and Feichter, 2005). In addition, an early brightening over 1930-

1950 is suggested by existing data (Sanchez-Lorenzo et al., 2015; Wild et al.,

2009). However, the early brightening is not a robust signal because of

data scarcity. Finally, it should be noted that ground stations have the

disadvantage to be too sparse and heterogeneous to extrapolate changes over
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the entire Earth (Roesch et al., 2011; Bengulescu et al., 2017).

Currently, a number of gridded global Eg↓ products exist from remote sensing

(Zhang et al., 2015) and reanalyses (Compo et al., 2011; Dee et al., 2011;

Kalnay et al., 1996; Poli et al., 2016; Uppala et al., 2005). Satellite remote

sensing is one of the most practical ways to derive Eg↓ with relatively high

spatial resolution and accuracy, but with limited temporal coverage because

satellite measurements began in the early 1980s. Moreover, observation

of polar-orbiting satellite could have considerable errors due to limited

measurement frequency (two times a day) (Wang and Zhao, 2017). For the

period before the satellite remote sensing era, estimates from reanalyses are

a feasible way to produce long-term global Eg↓ estimates. A reanalysis is

a global analysis of the state of the atmosphere for an extended period of

time built using a global climate model (GCM) in which observations have

been assimilated into. Although the Eg↓ products from these reanalyses

are the best model-based approximations of Eg↓, the various reanalysis Eg↓

products, despite being constrained by the same sets of observations, have

been proven to have systematic biases (Babst et al., 2008; Allan et al., 2004;

Träger-Chatterjee et al., 2010; Zhang et al., 2016). For instance, Babst

et al. (2008) compared the NCEP/NCAR Eg↓ products to satellite data from

Meteosat second generation and found biases ranging from +40 W m−2

to +80 W m−2 for Europe. Zhang et al. (2016) compared six global

reanalyses (NCEP/NCAR-v1, NCEP-DOE, CFSR, ERA-Interim, MERRA,

and JRA-55) to surface measurements from di�erent observation networks

[GEBA; BSRN; GC-NET; Buoy; and CMA] (674 sites in total) for the period

2001�2009 and found global positive mean biases ranging from +11.25 W m−2

to +49.80 W m−2. Zhang et al. (2016) also found that ERA-interim show the

best agreement with observations whatever the observation network. The

large discrepancies found in the reanalyses Eg↓ products mainly result from

inaccuracies in the cloud parameterization (Babst et al., 2008; Allan et al.,

2004; Träger-Chatterjee et al., 2010; Zhang et al., 2016).

Regional climate models (RCM) can partly reduce the biases found in the

reanalysis-based products. Compared to GCMs and global reanalyses, RCMs

run over a limited area so that computation time is reduced. Therefore,

for an identical computation time, the spatial resolution of RCMs can be

increased up to 2 km. For instance, it implies that the orography and other

surface characteristics are �ner in RCMs than in GCMs and reanalyses whose
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typical resolutions turn around 40-200 km. In addition, GCMs are made to

provide a good representation of the global mean climate while RCMs can be

calibrated for a speci�c region with a more detailed physics developed for it.

As coarse-resolution GCM or reanalysis �elds are usually used as boundary

conditions for high-resolution RCM, RCMs provide downscaled and possibly

improved GCM outputs over a limited area (Flato et al., 2014). International

frameworks such as CORDEX (Coordinated Regional Climate Downscaling

Experiments) evaluate RCM performances and aim at producing regional

climate projections over various regions of the world such as Europe (EURO-

CORDEX) (Giorgi and Gutowski, 2015). The MAR (�Modèle Atmosphérique

Régional� in French) RCM has recently been chosen to be part of the EURO-

CORDEX project, thanks to the Belgian CORDEX.be project in which the

model is involved (Termonia et al., 2018). CORDEX.be aims to provide a

coherent scienti�c basis for future climate services in Belgium.

Given the importance of MAR in providing future climate projections over

Belgium and potential impacts of long-term Eg↓ variability on our environ-

ment and our electricity production, it is pertinent to assess the ability of

MAR to simulate historical changes in Eg↓. It is also pertinent to investigate

the added value of MAR with respect to reanalyses.

After a brief description of MAR, the reanalysis products used to drive MAR

and the observed data set are described in Section 2. Section 5.3 presents

and discusses the evaluation of MAR and reanalyses by comparing their

outputs to ground-based observations of Eg↓ and TCC. Section 5.4 details

the trend analysis performed for the dimming and brightening periods over

Belgium to study the evolution of (i) annual Eg↓ (Section 5.4.1) and TCC,

and (ii) seasonal Eg↓, TCC, low, medium and high cloud cover computed

using the MAR data (Section 5.4.2). The origin of changes in cloudiness

are investigated in Section 5.4.3. Conclusions and prospects are reported in

Section 5.5.

5.2 Additional methodological aspects

The version 3.8 of MAR, described in Section 2.1 was used to reconstruct

the evolution of Eg↓ and TCC over the last �fty years in Belgium. Boundary

conditions were provided by four reanalysis products: ERA40/ERA-interim,

NCEP/NCAR-v1, ERA-20C and 20CRV2C. A description of these reanalyses
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can be found in Section 2.2. Compared to Chapter 3, we used one additional

reanalysis product, 20CRV2C, in order to compare it to ERA20C. Both

20CRV2C and ERA20C are reanalysis covering the entire 20th century.

Data required for the evaluation of MAR consist of seasonal and annual

mean Eg↓ and TCC performed for four ground-based stations spread over

the Belgian territory listed in Tables 2.8 and 2.9 and showed in Figure 2.2.

A complete description of these datasets can be found in Sections 2.4.3 and

2.4.4.

5.3 Evaluation of MAR

In this section, Eg↓ and TCC values computed by the di�erent MAR simula-

tions (MAR-ERA, MAR-NCEP1, MAR-ERA20C and MAR-20CRV2C) and

the corresponding reanalyses forcing MAR (ERA40/ERA-interim, NCEP/NCAR-

v1, ERA-20C and 20CRV2C) are compared to Eg↓ and TCC measurements

obtained from various ground stations (Tables 2.8 and 2.9). As all stations

show similar results, we only display here the statistics computed from Eg↓

and TCC measured at Saint-Hubert because it has the most complete time-

series for both investigated parameters. The time-series for Saint-Hubert

of both annual mean Eg↓ and TCC are displayed in Figures 5.1 and 5.2

respectively. The statistics computed for the other stations are available in

Figures C.1 to C.6 in Appendix C.

5.3.1 Global radiation

Over 1962�2010, regarding annual mean Eg↓ modelled by MAR, MAR-

ERA shows the best agreement with observed Eg↓ at Saint-Hubert with

a correlation coe�cient (R) of 0.77. MAR-NCEP1 performs worst with

R=0.66 (Figures 5.1(a) and 5.3(a)). The centred root mean square error

(CRMSE) is smallest for MAR-ERA-20C (CRMSE = 6.2 W m−2), largest for

MAR-NCEP1 (CRMSE = 8.0 W m−2) (Figure 5.3(c)) and smaller than the

interannual variability (the standard deviation (STD) of the observations)

(Figure 5.3(d)). Furthermore, the comparison suggests that MAR slightly

overestimates Eg↓ with mean annual biases (MB) ranging from +7.7 W m−2

(MAR-NCEP1) to +9.9 W m−2 (MAR-ERA) (Figure 5.3(b)). On a seasonal

time-scale, we �nd the lowest values of R in summer (June-July-August, JJA)
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Figure 5.1: Time series of Eg↓ observed at Saint-Hubert) and Eg↓ modelled by (a) MAR
and (b) reanalyses at the nearest grid point to Saint-Hubert.

ranging from 0.62 (MAR-20CRV2C) to 0.70 (MAR-ERA) while CRMSE was

among the largest with values above 13.8 W m−2. The other seasons exhibit

values of R of at least 0.72 (MAR-NCEP1 in autumn (September-October-

November, SON)). The lowest CRMSE was found in winter (December-

January-February, DJF) with values below 3.9 W m−2 (MAR-NCEP1).

MAR tends to overestimate Eg↓ for all seasons except winter. We �nd the

largest MB in summer with values ranging from +22.3 W m−2 (MAR-ERA-

20C) to +29.2 W m−2 (MAR-20CRV2C). In winter, MB is negative and

ranges from -3.9 W m−2 (MAR-NCEP1) to -0.1 W m−2 (MAR-ERA-20C).

Finally, we observe the same general behaviour for Eg↓ modelled by MAR

compared to Eg↓ directly from the driving reanalyses. The values of R

between reanalyses and measurements are as high as between MAR and

the measurements. MB, for its part, is largely reduced in MAR compared
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Figure 5.2: Time-series of the TCC observed at Saint-Hubert and TCC modelled by
(a) MAR and (b) reanalyses at the nearest grid point to Saint-Hubert. TCC data from
NCEP/NCAR-v1 and 20CRV2C were not available.

to the reanalyses (Figures 5.1(b) and 5.3(b)). For instance, MAR-NCEP1

shows an annual MB of +7.7 W m−2 while this value reaches +64.3 W m−2

in NCEP/NCAR-v1 in agreement with Zhang et al. (2016). We also �nd

di�erences between ERA40 (1962�1978) and ERA-interim (1979�2010) which

are fortunately not observed in the associated MAR simulation (MAR-ERA)

(Figure 5.1). Indeed, ERA40 systematically underestimates Eg↓ (annual

MB = -4.96 W m−2) while ERA-interim overestimates Eg↓ (annual MB =

+15.6 W m−2) in agreement with Zhang et al. (2016). In addition, the

forcing reanalyses and MAR have generally comparable CRMSE values.

This is because the interannual variability of MAR is fully driven by the

forcings. However, the forcing reanalyses exhibit much larger RMSE than

MAR because of their larger biases.

93



5. Evolution of global radiation and cloudiness over 1959-2010

Figure 5.3: Modelled Eg↓ vs observed Eg↓ at Saint-Hubert for 1962-2010: (a) annual
and seasonal correlation coe�cient (R), (b) mean bias (MB), (c) centred root mean square
error (CMRSE) and (d) standard deviation (STD). It should be noted that ERA40 covers
1962-1978 while ERA-interim covers 1979�2010.
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5.3.2 Total cloud cover

Regarding annual mean TCC, models do not compare as well to observations

(Figures 5.2 and 5.4). For the period 1966�2010, TCC modelled by MAR

at Saint-Hubert shows R values ranging from 0.18 (MAR-NCEP1) to 0.82

(MAR-ERA-20C) (Figure 5.4(a)). We �nd MB values for MAR ranging

from -3.6% (MAR-20CRV2C) to +3.0% (MAR-NCEP1) (Figure 5.4(b)).

Values of CRMSE range from 2.2% (MAR-ERA-20C) to 7.1% (MAR-

NCEP1) (Figure 5.4(c)) and are smaller than the interannual variability

(Figure 5.4(d)). As for Eg↓, the MAR performances also depend on the

season. In summer, R is the lowest and does not exceed 0.57 in MAR-

ERA. Values of MB are negative and range from -5.2% (MAR-ERA-20C)

to -13.9% (MAR-20CRV2C) while the CRMSE of MAR-20CRV2C reaches

9.8% in summer. In winter, R values are among the largest reaching 0.72

in MAR-ERA. Values of MB are positive and range from +3.0% (MAR-

ERA-20C) to +8.4% (MAR-NCEP1) with the largest CRMSE in winter

reaching 4.8% in MAR-NCEP1. As for Eg↓, this comparison highlights that

MAR-NCEP1 shows the worst results. In order to explain this apparent

artefact in TCC modelled by MAR-NCEP1, we have compared all three

cloud types computed by MAR: low cloud cover (LCC) de�ned as the cloud

fraction below 680 hPa), medium cloud cover (MCC) de�ned as the cloud

fraction between 680 and 440 hPa, and high cloud cover (HCC) de�ned as the

cloud fraction above 440 hPa (Figure 5.5, Appendix C). The results suggest

that this artefact likely results from an inaccurate simulation of HCC and

therefore from biases in the forcing �elds of MAR in the high troposphere

(Figure 5.5(c)).

The comparison with the statistics computed from TCC modelled by the

reanalyses was uneasy as TCC data from NCEP/NCAR-v1 and 20CRV2C

were not available. However, TCC modelled by MAR shows comparable

R and MB and CRMSE but MAR shows larger CRMSE and than the

corresponding reanalyses. The inhomogeneity between ERA40 and ERA-

interim between 1978 and 1979 is also present in TCC. Regardless of the

season (except in summer), MB is systematically positive in ERA40 while it

is negative in ERA-interim at Saint-Hubert (Figures 5.2(b) and 5.4(a)).
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Figure 5.4: Modelled TCC vs observed TCC at Saint-Hubert for 1966-2010: (a) annual and
seasonal correlation coe�cient (R), (b) mean bias (MB), (c) centred root mean square error
(CMRSE) and (d) standard deviation (STD). It should be noted that ERA40 covers 1966-
1978 while ERA-interim covers 1979-2010. (TCC data from NCEP/NCAR-v1 and 20CRV2C
were not available).
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Figure 5.5: Time-series of (a) LCC, (b) MCC, and (c) HCC modelled by MAR at Saint-
Hubert.

5.3.3 Origin of biases in MAR

Biases in Eg↓ are in agreement with biases found in TCC. For instance, the

underestimation of Eg↓ in winter is in agreement with the overestimation of
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TCC found in the models. It is the opposite in summer. Winter exhibits

the smallest CRMSE and the highest R for both variables while summer

exhibits the largest CRMSE and the lowest R. More generally, several stud-

ies highlight the di�culties encountered by all climate models to represent

cloud physics. Markovic et al. (2009) show that ERA40 has a tendency to

underestimate very low values of Eg↓ during winter and suggest that this

might be due to an underestimation of the re�ectivity of optically thick

clouds during winter in ERA40. Träger-Chatterjee et al. (2010) show that

cloud physics and Eg↓ have not been improved in ERA-interim compared

to ERA40, despite improvements in the water cycle representation, model

resolution, and in the data assimilation system. Zhang et al. (2016) show

that reanalyses tend to overestimate Eg↓ as a result of underestimation in

cloud fraction. Alexandri et al. (2015)show that cloud fractional cover, cloud

optical thickness and aerosol optical depth are the most important factors

that explain the biases in Eg↓ found in the RegCM4 RCM over the European

domain. Finally, Wyard et al. (2017) show that MAR underestimates con-

vective clouds with consequences on summer temperature (overestimation)

and precipitation (underestimation). Given that MAR simulates smaller Eg↓

and TCC than the reanalyses, which overestimates both Eg↓, and TCC, we

assume that the cloud optical depth (COD) is larger in MAR than in the

reanalyses. Furthermore, part of the biases Eg↓ can result from the �xed

aerosol concentration used in cloud microphysics module of MAR so that

the aerosol-cloud interactions are not sensitive to the historical variations of

the aerosol load in the troposphere. Fan et al. (2018) show that inaccuracies

in the aerosol-cloud interactions contribute to biases found in the GCMs

of CMIP5 (Coupled Model Intercomparison Project Phase 5). Finally, the

reliability of cloudiness observations is also questionable given that synoptic

observations are performed by human inspection of the sky (Wild, 2009).
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5.4 Changes over the dimming (1959�1979) and

the brightening (1980�2010) periods

5.4.1 Trends in annual global radiation and total cloud

cover

A linear trend analysis is performed for 1959�1979 and 1980�2010, cor-

responding to the dimming and the brightening periods reported in the

literature (Wild, 2012). As in Section 5.3, we use observations and simula-

tions for Saint-Hubert shown in Figures 5.1 and 5.2. It should be noted that

TCC observations are only available from 1966 for Saint-Hubert. There-

fore, trends in TCC and Eg↓ measured in Saint-Hubert are computed over

1966�1979 for the dimming period. As done by Wyard et al. (2017), trend

signi�cance is assessed by using the Snedecor uncertainty range for the 95 %

con�dence interval (Snedecor and Cochran, 1967) described in Chapter 2.5.

Table 5.1: Trends and their Snedecor uncertainty range for the 95 % con�dence interval
computed for 1959�1979 (dimming period) and 1980�2010 (brightening period) for Saint-
Hubert.

Eg↓ [W m−2] TCC [%]

1959�1979 1980�2010 1959�1979 1980�2010

Trend Range Trend Range Trend Range Trend Range

[decade−1] [decade−1] [decade−1] [decade−1] [decade−1] [decade−1] [decade−1] [decade−1]

OBS (-12.9)1 (15.0) +6.22 3.0 (-0.1) (5.3) +2.0 2.2

MAR-ERA -10.4 6.3 +3.8 2.7 +7.1 3.0 -1.3 1.2

(+0.2) (9.5) (-0.1) (3.1)

MAR-NCEP1 -1.6 5.5 +7.9 2.8 -0.5 2.3 -5.9 1.4

(-9.6) (10.1) (+1.9) (4.8)

MAR-ERA-20C -0.2 5.0 -1.6 2.9 -0.3 2.5 +0.2 1.3

(-1.6) (9.5) (+1.6) (4.9)

MAR-20CRV2C -1.2 5.3 +0.2 2.7 +0.3 3.1 -0.7 1.5

(-2.5) (9.9) (+2.0) (6.1)

ERA40/ERA-int.3 -5.8 5.3 +1.7 2.2 +5.8 3.2 -1.3 1.5

(+0.1) (8.3) (+0.9) (4.7)

NCEP/NCAR-v1 -2.4 4.2 +2.1 1.9 n.a. n.a. n.a. n.a.

(+2.9) (6.7)

ERA-20C -0.5 3.9 +0.001 2.0 +1.1 2.7 +0.5 1.3

(-0.3) (6.9) (+0.1) (4.7)

20CRV2C -0.8 4.5 +1.7 2.3 n.a. n.a. n.a. n.a.

(+2.7) (8.6)
1 The values between brackets indicate that they are computed for 1966�1979.
2 The values in bold indicate that the trends are statistically signi�cant at the 95 % con�dence level, namely that they are larger than the
associated uncertainty range.

3 As ERA40/ERA-Interim is biased by the transition from ERA40 to ERA-Interim between 1978 and 1979, we removed the MB of each part
of the time-series (1959�1978 and 1979�2010) to homogenise the time-series before computing the trend.
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During the dimming period, we �nd a non-signi�cant negative trend in

Eg↓ measurements for Saint-Hubert for the period 1966�1979 valued at -

12.9 W m−2 decade−1 (Table 5.1). During the brightening period, we �nd a

signi�cant positive trend at Saint-Hubert for the period 1980�2010 valued at

+6.2 W m−2 decade−1. TCC observed in Saint-Hubert shows no signi�cant

trend although synoptic cloud observations are subject to large uncertainties

(Wild, 2009). This nonetheless suggests that cloudiness changes are not

the only factor a�ecting solar radiation variability. Indeed, RMIB (2015)

highlighted a signi�cant decrease in Eg↓ at Uccle for the period 1951�1984

valued at -6.3 %. They attribute this trend to a sustained increase in

anthropogenic aerosols. De Bock et al. (2014) and RMIB (2015) report

a signi�cant increase in Eg↓ at Uccle valued at +5 ± 2 W m−2 decade−1

for 1985�2014. They also associate to a non-signi�cant decrease in aerosol

optical depth at Uccle for 1985-2014 that is valued at -8 ± 5 % decade−1

which presents a stabilization after 2002. This decline in aerosol optical

depth results from the enormous e�orts to curb emissions and air pollution

since the 1980s (Sliggers and Kakebeeke, 2004). The most important e�ort is

probably the 1979 Convention on Long-range Transboundary Air Pollution

which has later been extended by eight protocols that identify speci�c

measures to be taken by Parties to cut their emissions of air pollutants

(Sliggers and Kakebeeke, 2004).

Regarding Eg↓ modelled by MAR, there are no signi�cant trends for 1966�

1979. However, trends are negative during 1959�1979 but only MAR-

ERA shows a signi�cant trend valued at -10.4 W m−2 decade−1 for this

period (Table 5.1). This decreasing Eg↓ coincides with an increasing

trend in the simulated TCC which is signi�cant in MAR-ERA and val-

ued at +7.1 % decade−1. On the contrary, for 1980�2010, the trends in

Eg↓ are positive, except in MAR-ERA-20C, and signi�cant in MAR-ERA

(+3.8 W m−2 decade−1) and MAR-NCEP1 (+7.9 W m−2 decade−1) as in ob-

servations. This increasing Eg↓ coincides with a decreasing trend in simulated

TCC except in MAR-ERA-20C. These trends are signi�cant in MAR-ERA

and MAR-NCEP1 and valued at -1.3 % decade−1 and -5.9 % decade−1 re-

spectively. The strong negative trend in MAR-NCEP1 seems to partly result

from biases in the forcing �elds of MAR in the high troposphere before the

1990s as highlighted in Section 5.3.2. It should be noted that MAR-ERA-

20C and MAR-20CRV2C systematically show non-signi�cant and weaker
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trends than MAR-ERA, MAR-NCEP1, and observations. This suggests

that these reanalysis products covering the whole 20th century (ERA-20C

and 20CRV2C) are less reliable, possibly because they assimilate surface

observations only.

We also computed the trends from Eg↓ and TCC modelled by the reanalyses.

As ERA40/ERA-Interim is biased by the transition from ERA40 to ERA-

Interim between 1978 and 1979, we removed the MB of each part of the

time-series (1959�1978 and 1979�2010) to homogenise the time-series before

computing the trend. The signal of the trends in Eg↓ modelled by the

reanalyses is of the same order as the one modelled by MAR forced by the

corresponding reanalyses (Table 5.1). This suggests that the trends found in

the MAR outputs are partially driven by the forcing reanalyses. However,

MAR ampli�es the trends in Eg↓ compared to the observations and the

forcing reanalyses. As highlighted in Section 5.3.3, the cloud optical depth

is likely larger in MAR than in the reanalyses. Therefore, changes in TCC

impact Eg↓ in MAR more than in the reanalyses.

5.4.2 Trends in seasonal global radiation and total cloud

cover

A linear trend analysis is performed for 1959�1979 and 1980�2010 for

each pixel of the MAR domain in order to highlight spatial and seasonal

variabilities. Trend signi�cance is again assessed by using the Snedecor

uncertainty range for the 95 % con�dence interval. Only the trends from

the MAR-ERA outputs are computed as they �t the best to observations in

agreement with Zhang et al. (2016) (Sections 5.3 and 5.4.1).

Over 1959�1979 (dimming period), MAR-ERA outputs show an overall

signi�cant decrease in Eg↓ for all seasons (Figure 5.6(a)-(d)). The decrease

in Eg↓ is especially marked in spring (March-April-May, MAM) and summer

and reaches values between -16 and -18 W m−2 decade−1 in some regions

of the country (Figure 5.6(b)-(c)). Chiacchio and Wild (2010) and Sanchez-

Lorenzo et al. (2015) found similar results over a larger European domain.

MAR-ERA show a signi�cant increase in TCC in all seasons Figure 5.6(e)-

(h)). This increase in TCC is the most marked in spring, summer, and

autumn and can reach values between +8 and +10 % decade−1 in some parts

of the country (Figure 5.6(f)-(h)).
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Figure 5.6: Seasonal trends in (a)-(d) Eg↓ and (e)-(h) TCC computed from the MAR-
ERA outputs for 1959�1979 (dimming period). Filled pixels indicate the places where the
trends are statistically signi�cant at the 95% con�dence level. Hashed pixels indicate the
places where the trends are statistically non-signi�cant.

The patterns of the trends in TCC and in Eg↓ are broadly similar which

con�rms that changes in cloud cover drive trends in surface solar radiation.

To re�ne our analysis, we also compute trends for all three MAR cloud

types (LCC, MCC and TCC) de�ned in Section 5.3.2. These trends show

that the increase in TCC for 1959�1979 is mainly caused by a signi�cant
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Figure 5.7: Annual and seasonal trends in (a)-(e) LCC, (f)-(j) MCC, and (k)-(o) HCC
computed from the MAR-ERA outputs for 1959�1979 (dimming period). Filled pixels in-
dicate the places where the trends are statistically signi�cant at the 95% con�dence level.
Hashed pixels indicate the places where the trends are statistically non-signi�cant.
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increase in LCC (Figure 5.7(a)-(e)) and HCC (Figure 5.7(k)-(o)). It should

be noted that HCC is known to a�ect longwave radiation mainly while we

are studying shortwave radiation changes (Forster et al., 2013). MCC shows

a signi�cant increase in spring over 1959�1979 with values ranging from +2

and +10 % decade−1 (Figure 5.7(h)).

Figure 5.8: Seasonal trends in (a)-(d) Eg↓ and (e)-(h) TCC computed from the MAR-
ERA outputs for 1980�2010 (brightening period). Filled pixels indicate the places where the
trends are statistically signi�cant at the 95% con�dence level. Hashed pixels indicate the
places where the trends are statistically non-signi�cant.
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Over 1980�2010 (brightening period), measurements at Saint-Hubert show

positive signi�cant trends in spring and summer valued at +10.7 Wm−2 decade−1

and +12.0 m−2 decade−1 respectively (Table C.2, Appendix C). Seasonal

trends computed from MAR-ERA outputs also show a signi�cant increase in

Eg↓ in spring and summer with values between +4 and +10 W m−2 decade−1

(Figure 5.8(b)-(c)). Regarding TCC, observations show non-signi�cant

trends for all seasons (Table C.2) while values modelled by MAR-ERA

show a signi�cant decrease in TCC, especially in summer (Figure 5.8(g))

reaching -2 to -4 % decade−1 over the entire country.

Seasonal trends in cloud types computed in MAR-ERA show a signi�cant

decrease in LCC for 1980�2010, especially in spring with values ranging

between -2 and -6 % decade−1 depending on the location (Figure 5.9(c)).

Our results are in agreement with Eastman and Warren (2013), who also �nd

a decrease in observed cloudiness in Western Europe for 1971�2009. Previous

studies also stated that the brightening results from the combination of both

decreasing aerosol emissions and decreasing LCC and MCC (De Bock et al.,

2014). However, after the 1990s, the decrease in cloudiness might have

become the dominant factor according to the results of Mateos et al. (2014),

drawing similar conclusions over Spain, and to the results of Sanchez-Lorenzo

et al. (2017) and Pfeifroth et al. (2018) over Europe.

5.4.3 Origin of changes in cloudiness

The analysis of the linear trends (Sections 5.4.1 and 5.4.2) has highlighted

that Eg↓ changes are driven by changes in low and medium cloud cover.

In this section, we investigated the origin of such changes. As output

from MAR is dependent on the reanalysis product used to force the model

(Section5.4.1), we analysed the forcing variables from all four reanalyses at

two pressure levels (700 and 500 hPa) which are the characteristic levels

of low and medium cloud cover. We especially paid attention to the air

temperature (TA), speci�c (HUS) and relative (HUR) humidity. We used

the data from the pixel containing Saint-Hubert shown in Figure 5.10, and

computed the linear trends and their signi�cance for the periods 1959�1979

and 1980�2010 (Table 5.2).

For the period 1959�1979 (dimming period), both ERA40/ERA-Interim and

NCEP/NCAR-v1 show a signi�cant increase in HUR at 500 hPa valued at +
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Table 5.2: Annual trends and their Snedecor uncertainty range for the 95 % con�dence
interval computed for 1959�1979 and 1980�2010.

1959�1979 1980�2010

ERA40/ERA-interim Trend Range Trend Range

[decade−1] [decade−1] [decade−1] [decade−1]

TA700 [°C] -0.2 0.4 +0.1 0.2

TA500 [°C] -0.3 0.3 +0.2 0.2

HUS700 [g kg−1] +0.1 0.1 -0.02 0.03

HUS500 [g kg−1] +0.051 0.04 -0.005 0.001

HUR700 [%] +4.1 2.7 -1.3 1.1

HUR500 [%] +5.4 2.9 -1.1 0.9

NCEP/NCAR-v1 Trend Range Trend Range

[decade−1] [decade−1] [decade−1] [decade−1]

TA700 [°C] -0.1 0.4 +0.2 0.2

TA500 [°C] -0.2 0.3 +0.2 0.2

HUS700 [g kg−1] +0.05 0.1 -0.03 0.04

HUS500 [g kg−1] +0.01 0.02 -0.004 0.01

HUR700 [%] +1.6 2.1 -1.5 1.0

HUR500 [%] +2.8 2.1 -1.5 0.9

ERA-20C Trend Range Trend Range

[decade−1] [decade−1] [decade−1] [decade−1]

TA700 [°C] -0.2 0.4 +0.3 0.2

TA500 [°C] -0.1 0.3 +0.3 0.2

HUS700 [g kg−1] -0.02 0.1 +0.05 0.03

HUS500 [g kg−1] -0.02 0.1 +0.02 0.01

HUR700 [%] +0.8 1.8 -0.1 0.9

HUR500 [%] +0.1 1.8 -0.1 0.8

20CRV2C Trend Range Trend Range

[decade−1] [decade−1] [decade−1] [decade−1]

TA700 [°C] -0.2 0.4 +0.2 0.2

TA500 [°C] -0.2 0.3 +0.3 0.2

HUS700 [g kg−1] -0.01 0.1 +0.03 0.04

HUS500 [g kg−1] -0.02 0.03 +0.015 0.02

HUR700 [%] +1.2 2.0 -0.4 0.9

HUR500 [%] +0.04 1.7 -0.3 0.9
1 The values in bold indicate that the trends are statistically signi�cant at the 95 %
con�dence level, namely that they are larger than the associated uncertainty range.
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Figure 5.9: Annual and seasonal trends in (a)-(e) LCC, (f)-(j) MCC, and (k)-(o) HCC
computed from the MAR-ERA outputs for 1980�2010 (brightening period). Filled pixels
indicate the places where the trends are statistically signi�cant at the 95% con�dence level.
Hashed pixels indicate the places where the trends are statistically non-signi�cant.
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Figure 5.10: Reanalysis data used as MAR forcings at Saint-Hubert at two di�erent pres-
sure levels (700hPa and 500 hPa): (a)-(b) temperature (TA), (c)-(d) speci�c humidity
(HUS), (e)-(f) relative humidity (HUR).

5.4 % decade−1 and +2.8 % decade−1 respectively (Table 5.2). ERA40/ERA-

Interim also shows a signi�cant increase in HUR at 700 hPa valued at

+4.1 % decade−1. This coincides with a positive but non-signi�cant trend

in TA at both pressure levels but also with a negative but non-signi�cant

increase in HUS. Only ERA40/ERA-interim show a signi�cant trend in

HUS at 500 hPa valued at + 0.05 g kg−1 decade−1. Both ERA20C and

20CRV2C simulate changes in HUR and TA similar to ERA40/ERA-interim

and NCEP/NCAR-v1 but these changes are weaker. In addition, ERA20C

and 20CRV2C exhibit positive (but non-signi�cant) trends in HUS at 700

and 500 hPa while these trends are negative in ERA40/ERA-interim and

NCEP/NCAR-v1 for 1959�1979. Given these trends, increasing LCC and

MCC during the dimming period could result from decreasing TA and

increasing HUS generating an increase in HUR which could have therefore

enhanced cloud development. The initial changes in TA and HUS could be

explained by changes in the atmospheric circulation. In addition, we know
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that the dimming period was characterized by a high polluted atmosphere

(Sliggers and Kakebeeke, 2004). As aerosols suspended in the troposphere

could served as condensation nuclei (aerosol-cloud interactions), they could

be responsible for the increase in LCC and MCC during the dimming period

by enhancing cloud development. Then, the increase in cloud cover could

generate less Eg↓ and therefore decreasing TA, which could generate an

increase/decrease in HUR.

For the period 1980�2010 (brightening period), both ERA40/ERA-Interim

and NCEP/NCAR-v1 show a signi�cant decrease in HUR at both pres-

sure levels ranging from -1.3 % decade−1 (ERA40/ERA-interim) to -

1.5 % decade−1 (NCEP/NCAR-v1) at 700 hPa, and from -1.1 % decade−1

(ERA40/ERA-interim) to -1.5 % decade−1 (NCEP/NCAR-v1) at 500hPa.

This coincides with a positive but non-signi�cant trend in TA at both

pressure levels but also with a negative but non-signi�cant trend in HUS.

ERA20C and 20CRV2C both exhibit weak non-signi�cant decreasing trends

in HUR. These trends coincide with a signi�cant increase in TA at both pres-

sure levels ranging from +0.2 (20CRV2C) to +0.3 °C decade−1 (ERA20C)

at 700 hPa, and reaching +0.3 °C decade−1 (ERA20C and (20CRV2C) at

500 hPa. However, ERA20C and 20CRV2C also show an increase in HUS

while ERA40/ERA-Interim and NCEP/NCAR-v1 show a decrease. This

increase in HUS is signi�cant in ERA20C at both pressure levels and is

valued at +0.054 g kg−1 decade−1 at 700hPa and +0.022 g kg−1 decade−1 at

500hPa. In addition, compared to ERA40/ERA-Interim and NCEP/NCAR-

v1, ERA20C is dryer and colder at both investigated pressure levels whereas

20CRV2C is warmer and wetter (Figure 5.10). These trends suggest that,

decreasing LCC and MCC during the brightening period could result from

increasing TA and decreasing HUS generating a decrease in HUR which

could have therefore inhibited cloud development. The initial changes in

TA and HUS could be explained by changes in the atmospheric circulation.

Eastman and Warren (2013) attribute the declining cloud cover observed

over Western Europe to a poleward shift of the polar jet stream since the

1970s. Bender et al. (2012) highlight a poleward shift of extratropical storm

tracks (which induces a poleward shift of the polar jet stream) for 1983�2008

as a consequence of global warming. This poleward shift of extratropical

storm tracks is accompanied by a reduction in total cloud cover leading to

a positive cloud feedback (Bender et al., 2012). The conclusions of these
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studies are not in opposition with our hypothesis since increasing TA during

the brightening period (1980�2010) could result from more frequent tropical

air advections over Western Europe. In addition, we know that the bright-

ening period was characterized by a strong decrease in the aerosol loading in

the troposphere (De Bock et al., 2014; Sliggers and Kakebeeke, 2004). This

decline in aerosol loading could be responsible for the decrease in LCC and

MCC during the brightening period by inhibiting cloud development. Then,

the decrease in cloud cover could have generated more Eg↓ and therefore

increasing TA, which could generate an decrease in HUR.

In summary, there are two hypothesis to explain the changes in cloud

cover during the dimming and the brightening periods: the �atmospheric

circulation hypothesis� and the �aerosol cloud interactions hypothesis�. On

the one hand, atmospheric circulations changes could have modi�ed TA and

HUS and therefore HUR with consequences on cloud development and later

Eg↓ (atmospheric circulation hypothesis). On the other hand, aerosol-cloud

interactions could have modi�ed cloud development and therefore Eg↓ with

consequences on TA, and HUR. We cannot settle on a single hypothesis

to explain LCC and MCC changes (especially since statistics are rarely

signi�cant) but they are most probably due to the combination of several

factors. There are indeed proofs for both hypothesis, especially during the

brightening period (De Bock et al., 2014; Eastman and Warren, 2013; Bender

et al., 2012).

It should be noted that the similar trend values found in ERA40/ERA-

interim and NCEP/NCAR-v1 at 700 and 500 hPa con�rm that the apparent

artefact found in TCC computed by MAR-NCEP1 results (Section 5.3.2)

from biases in the forcing �elds of MAR in the high troposphere (above 440

hPa).

5.5 Chapter conclusion

The main objective of this chapter was to assess the ability of the MAR

RCM to reproduce observed changes in Eg↓ in Belgium with respect to

reanalyses and observations. To this end, MAR was forced by di�erent

reanalyses: ERA-Interim (1979-2010) completed by ERA40 (1958�1978),

NCEP/NCAR-v1 (1958�2010), ERA20C (1958-2010) and 20CRV2C (1958�

2010). This study focusses on the 1959�2010 period, which is the longest
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common period covered by all reanalyses used as MAR forcing. In addition,

we consider two distinct periods in our analysis: 1959�1979 (dimming) and

1980�2010 (brightening). Measurements of Eg↓ from RMIB as well as cloud

cover observations from Belgocontrol and RMIB were used for the evaluation

of MAR and the forcing reanalyses.

The comparison of Eg↓ and TCC modelled by MAR and reanalyses with

measurements performed at several ground stations shows that MAR allows

us to largely reduce the mean biases present in the reanalyses. However,

MAR does not signi�cantly improve R and CRMSE as the interrannual

variability of RCMs is prescribed by their forcings. The comparison also

shows that the biases are the largest in summer for both Eg↓ and TCC and

that MAR generally overestimates Eg↓ while it underestimates TCC. This

suggests that biases in Eg↓ results in large part from inaccuracies in TCC.

Improvements in cloud physics are still required despite the modi�cation

performed in the new version of MAR (MARv3.8). The comparison with

forcing reanalyses �nally suggests that the cloud optical depth is larger in

MAR than in the reanalyses as the reanalyses show larger biases in Eg↓ while

MAR and reanalyses exhibit similar biases in TCC .

The analysis of the linear trends in annual and seasonal Eg↓ and low,

medium, and high clouds brings to light that only MAR-ERA successfully

simulates consistent trends in Eg↓ probably because ERA40/ERA-interim

has a better spatial resolution and assimilates more observations than the

other reanalyses used in this study. Neither MAR-ERA-20C nor MAR-

20CRV2C show any of these trends, probably because both ERA-20C and

20CRV2C reanalyses assimilate surface observations only. MAR-NCEP1,

for its part, overestimates the trend computed for the brightening period

because of biases in the forcing �elds in the high troposphere especially

before the 1990s. Our results show that annual Eg↓ trends are mainly

driven by Eg↓ changes in spring and summer. They also suggest that, in

Belgium, the aerosol-radiation interactions cannot be neglected, especially

for the dimming period because trends in observed TCC are non-signi�cant

while trends in observed Eg↓ are signi�cant. The increase in Eg↓ observed

in Belgium since the 1980s and especially since the 2000s could mainly be

explained by a decrease in low and medium cloud cover strengthening the

e�ect of the decrease in aerosol loading on Eg↓ that has been observed in

Europe since the 1980s. The origin of these changes in cloudiness is not
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clear and could results from changes in both atmospheric-circulation and

aerosol-cloud interactions. Further analyses are therefore required. First of

all, as this trend is not simulated when MAR is forced by 20CRV2C and

ERA-20C, comparing the MAR forcing �elds (temperature, humidity, and

wind) from these 20th century reanalyses with ERA-interim will help to

detect the meteorological variables which are responsible for this decrease

in cloudiness. Sensitivity experiments with MAR could be performed using

variables from two di�erent reanalyses, e.g. wind from ERA-interim and

other �elds from ERA-20C. Afterwards, a circulation type classi�cation (as

the one developed by Belle�amme et al. (2014)) could be used to associate

the daily cloudiness to some types of general circulation. The temporal

evolution of these circulation types could then be studied as it was done

in Bednorz et al. (2016) and �upikasza and Lipi«ski (2017). Finally, it

might also be interesting to verify if such a decrease in cloudiness would be

projected if MAR was forced by GCM-based future projections. This would

suggest that such a change could be a consequence of global warming.
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CHAPTER 6

Future evolution of global radiation

and cloudiness by 2100

This chapter is based on Wyard C., Doutreloup S., Fettweis X. (2018) Future

projections of global radiation and cloudiness in Belgium. To be submitted

to Bulletin de la Société Géographique de Liège.
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6.1 Context

Over the last century, the amount of solar radiation reaching the Earth's

surface (Eg↓), also referred to as solar surface radiation or global radiation,

has undergone substantial variations such as a worldwide dimming between

the 1950s and the 1980s followed by a partial brightening since the 1980s

in Europe and Northern America. There is increasing evidence that these

�uctuations in Eg↓ have impacted various aspects of the climate system

such as temperature, hydrological cycle, the cryosphere or the carbon cycle.

For instance, these �uctuations have been responsible for the absence of

a signi�cant temperature rise between the 1950s and the 1980s, masking

the greenhouse gas e�ect on temperature rise (Wild et al., 2007). There

is also evidence of a deceleration of the hydrological cycle during the

dimming and a more recent recovery over land surfaces impacting the

rate of terrestrial evaporation and precipitation (Wild and Liepert, 2010).

The variations in Eg↓ were mainly attributed to changes in the aerosol

atmospheric load and also to variations in the cloud cover caused by these

aerosols. However, it should be noted that the recent decrease in cloud

cover has been attributed to circulation changes such as the polar shift of

extratropical storm tracks bringing more frequent anticyclonic conditions

(Section 5.4.3). Such circulations changes were suspected to be due to global

warming (Bender et al., 2012; Eastman and Warren, 2013).

In a warming climate, changes in the amount of Eg↓ will therefore depend

not only on our aerosol emissions but also on the response of cloud properties

and large scale circulation to global warming. In addition, these changes

have the potential to a�ect the climate system and also our energy supply.

Despite these implications and the large climate modelling community, very

few studies have investigated the future long-term trends in Eg↓. Only a

limited number of papers describe the scenarios of Eg↓ changes based on

GCM simulations from CMIP5 (Crook et al., 2011; Gaetani et al., 2014;

Wild et al., 2015), RCM simulations of EURO-CORDEX (Pa²i£ko et al.,

2012; Panagea et al., 2014; Jerez et al., 2015) or both (Bartók et al.,

2017) mainly in terms of future solar energy production. Belgium is no

exception since no study has especially focused on the future evolution of

Eg↓ despite the growing production of solar energy expected in the country

(Section 1.2.2). Therefore, this study aims at evaluating the future evolution
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of Eg↓ using high-resolution climate projections performed over Belgium.

Such projections were obtained by downscaling two GCMs, NorESM1-M and

MIROC5, from the CMIP5 archive using the MAR (�Modèle Atmosphérique

Régional�) RCM at a spatial resolution of 5 km. Wyard et al. (2018) have

proven the ability of MAR to simulate Eg↓ and cloud fraction as well as its

added-value with respect to GCMs (Section 5.3).

This chapter is organised as follows: Section 6.2 provides additional meth-

odological aspects. Section 6.3 details the evaluation of the MAR forced by

two GCMs runs over 1976�2005. The evolution of Eg↓ and its causes are

then investigated and discussed in Section 6.4. Conclusion and prospects are

�nally reported in Section 6.5.

6.2 Additional methodological aspects

The version 3.8 of MAR, described in Section 2.1 was used to perform

climate simulations over Belgium.

Historical runs were obtained by nesting MAR into the ERA40/ERA-interim

reanalysis (MAR-ERA), described in Section 2.2, and the GCMs NorESM1-

M and MIROC5 (MAR-NOR-histo and MAR-MIR-histo) over 1976�2005.

NorESM1-M and MIROC5 are two GCMs from the CMIP5 archive we

selected by using the skill score methodology of Connolley and Bracegirdle

(2007) as described in Section 2.3. It should be noted that MAR-ERA was

later considered as reference for the present-day climate.

Future projections were obtained by nesting MAR into NorESM1-M and

MIROC5, under the RCP8.5 scenario over 2006�2100 (MAR-NOR-rcp85

and MAR-MIR-rcp85).

6.3 Evaluation over the current climate

The aim of this section is to evaluate the ability of MAR forced by two GCMs

selected from the CMIP5 archive, MAR-NOR-histo and MAR-MIR-histo, to

simulate the present-day winter climate over Belgium. A good representation

of the current climate is indeed a necessary condition required to realistically

simulate future climate changes. A model that fails to reproduce the current

climate generates projections that lack reliability and validity since the

115



6. Evolution of global radiation and cloudiness by 2100

response of the climate to a warming is not linear (Fettweis et al., 2013).

In order to evaluate the consistency of MAR forced by NorESM1-M and

MIROC5, we compared the climatic mean of both MAR-NOR-histo and

MAR-MIR-histo to MAR-ERA for the period 1976�2005 regarding Eg↓, and

cloud fraction. As previously done in Fettweis et al. (2013), the di�erences

between MAR forced by both GCMs and MAR-ERA are considered as

statistically signi�cant if they are larger than the interannual variability of

MAR-ERA over 1976�2005.

6.3.1 Global radiation

The seasonal climatology of Eg↓ computed over 1976�2005 from MAR-ERA

is displayed in Figure 6.1. Compared to this reference climatology, MAR-

NOR-histo shows positive and signi�cant mean annual biases Eg↓ over the

North Sea and the surrounding coastal area ranging from +5 to +15 W m−2

(Figure 6.2(a)). The seasonal mean biases show overall the same pattern

whatever the season. The biases are larger during the summer months

(JJA) and range from +20 to +30 W m−2 but their signi�cance is limited

to the sea (Figure 6.2(c)) because their values are small compared to the

1976-2005 mean Eg↓ simulated by MAR-ERA in summer, which ranges from

220 to 240 W m−2(Figure 6.1(d)). In contrast, the signi�cant mean seasonal

biases are the smallest during the winter months (DJF) and do not exceed

+10 W m−2 (Figure 6.2(b)). They however cover a larger land surface that

is mainly located near the coast(Figure 6.2(b)) because they are very large

compared to the 1976-2005 mean Eg↓ simulated by MAR-ERA in winter,

which ranges from 14 to 26 W m−2 (Figure 6.1(b)). It should be noted that

MAR-NOR-histo shows signi�cant negative biases in the highest part of the

Ardennes massif up to -10 W m−2 in winter.

The biases exhibited by MAR-MIR-histo are also positive but on average

larger and therefore signi�cant over a larger part of Belgium (Figure 6.2(f)

to (j)). The yearly mean biases are signi�cant over the entire domain and

range from +10 W m−2 in the south-eastern part of Belgium to +20 W m−2

in the north-western part of the country and the North Sea (Figure 6.2(f)).

The largest biases are found in spring (MAM) with values ranging from

+15 to +30 W m−2 that are signi�cant almost everywhere (Figure 6.2(h)).

As MAR-NOR-histo, MAR-MIR-histo exhibits the smallest biases in winter,
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Figure 6.1: The 1976-2005 (a) annual, (b) winter (DJF), (c) spring (MAM), (d) summer
(JJA), (e) autumn (SON), mean Eg↓ simulated by MAR-ERA.

up to +10 W m−2, which are signi�cant over the entire domain except the

Ardennes massif (Figure 6.2(g)).

The magnitude of the biases seems to be dependent on the distance to the

North Sea: the shorter the distance, the larger the biases. In addition, the

presence of the Ardennes massif appears to impact Eg↓ especially in winter.
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Figure 6.2: Seasonal anomaly in Eg↓ simulated by (a)-(b)-(c)-(d)-(e) MAR-NOR-histo
and (f)-(g)-(h)-(i)-(j) MAR-MIR-histo with respect to MAR-ERA over the period 1976-
2005. Filled pixels indicate the places where the anomaly are statistically signi�cant with
respect to the MAR-ERA interannual variability. Hashed pixels indicate the places where
the anomalies are statistically non-signi�cant.
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6.3.2 Cloud cover

The seasonal climatology of TCC computed over 1976�2005 from MAR-ERA

is displayed in Figure 6.3.

Figure 6.3: The 1976-2005 (a) annual, (b) winter (DJF), (c) spring (MAM), (d) summer
(JJA), (e) autumn (SON), mean TCC simulated by MAR-ERA.

Compared to this reference climatology, both MAR-NOR-histo and MAR-

MIR-histo exhibit negative biases in total cloud cover which are on average

signi�cant over the north-western part of the country whatever the season

(Figure 6.4). As for Eg↓, the magnitude of the biases depends on the distance

to the North Sea: the shorter the distance to the sea, the larger the biases.
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Figure 6.4: Seasonal anomaly in TCC simulated by (a)-(b)-(c)-(d)-(e) MAR-NOR-histo
and (f)-(g)-(h)-(i)-(j) MAR-MIR-histo with respect to MAR-ERA over the period 1976-
2005. Filled pixels indicate the places where the anomaly are statistically signi�cant with
respect to the MAR-ERA interannual variability. Hashed pixels indicate the places where
the anomalies are statistically non-signi�cant.
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MAR-NOR-histo shows yearly mean biases up to -15 % (Figure 6.4(a)).

Winter shows the largest seasonal biases in TCC with values ranging from

-5 % to -20 % which are signi�cant to the north of the Sambre-Meuse

line (Figure 6.4(b)). Spring and summer exhibit biases that are signi�cant

mainly over the North Sea (Figure 6.4(c)-(d)). Autumn, for its part, shows

signi�cant biases over the same area as winter but not exceeding +15 %

(Figure 6.4(e)).

Compared to MAR-NOR-histo, MAR-MIR-histo exhibits biases that are

smaller but signi�cant over a larger area except in winter and in summer

(Figure 6.4(f) to (j)). Whatever the season, biases do not exceed +10 % over

the North sea and the Belgian territory.

We have then performed the comparison for all three cloud types computed

by MAR: low cloud cover (LCC) de�ned as the cloud fraction below 680 hPa,

medium cloud cover (MCC) de�ned as the cloud fraction between 680 and

440 hPa, and high cloud cover (HCC) de�ned as the cloud fraction above

440 hPa. The climatology of annual mean LCC, MCC and HCC computed

over 1976�2005 from MAR-ERA is displayed in Figure 6.5.

The comparison between annual mean LCC, MCC and HCC modelled by

MAR-NOR-histo and MAR-MIR-histo with MAR-ERA shows that both

simulations signi�cantly underestimates LCC (Figure 6.6(a)-(d)) but overes-

timates MCC (Figure 6.6(b)-(e)) and HCC (Figure 6.6(c)-(f)). This suggests

that the biases in TCC are driven by the underestimation in LCC which

ranges from -5 % to -15 % in MAR-NOR-histo and from -15 to -20 % in

MAR-MIR-histo. Such biases are very large compared to the 1976-2005 mean

LCC simulated by MAR-ERA which ranges from 40 to 55 % (Figure 6.5(c)).

Regarding the overestimation of MCC and HCC, values and patterns are

almost the same in MAR-NOR-histo with values between +5 and +10 %

while MAR-MIR-histo shows smaller biases in MCC (up to +5 %) than in

HCC (up to +15 %). Still these MCC biases in MAR-MIR-histo remain

signi�cant as they are very large compared to the 1976-2005 mean MCC

simulated by MAR-ERA which ranges from 15 to 24 % (Figure 6.5(b)).

6.3.3 Discussion

The evaluation of the MAR simulations forced by GCMs has brought to

light signi�cant biases in both Eg↓ and cloud fraction. Compared to MAR-

121



6. Evolution of global radiation and cloudiness by 2100

Figure 6.5: The 1976-2005 annual mean (a) LCC, (b) MCC, (c) HCC, simulated by
MAR-ERA.

ERA, both MAR-NOR-histo and MAR-MIR histo overestimate Eg↓ and

underestimate TCC. The magnitude and the pattern of the biases depend

on the season. For instance, they are quite limited in summer in both

MAR-NOR-histo and MAR-MIR-histo. On the contrary, biases in winter

and autumn are signi�cant over larger parts of Belgium. Regarding TCC,

its underestimation is due to the underestimation of LCC as MCC and HCC

are overestimated in both simulations. Given the pattern and the sign of the

biases in LCC, we conclude that the overestimation of Eg↓ results from an

underestimation of LCC. It should be noted that the aforementioned biases
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Figure 6.6: Mean annual anomaly in LCC, MCC and HCC simulated by (a)-(b)-(c)MAR-
NOR-histo and (d)-(e)-(f) MAR-MIR-histo with respect to MAR-ERA over the period
1976-2005. Filled pixels indicate the places where the anomaly are statistically signi�cant
with respect to the MAR-ERA interannual variability. Hashed pixels indicate the places
where the anomalies are statistically non-signi�cant.

are the largest in MAR-MIR-histo.

The underestimation of LCC is a well-known problem in climate modelling

(Zhang et al., 2005). In the case of RCMs, this underestimation can result

from the prevailing large-scale conditions on the one hand and from the

parameterization of cloud properties on the other hand.

Biases found in the GCMs from CMIP5 have been widely investigated in

the literature. Compared to observations and reanalyses, both NorESM1-

M and MIROC5 exhibits negative biases in TCC (and positive biases in

Eg↓) over Europe (Watanabe et al., 2010; Bentsen et al., 2013; Bartók

et al., 2017) which have been attributed to their parameterization of cloud
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properties. However, cloud fraction computed by GCMs is not a �eld used

as RCM boundary conditions. RCMs, including MAR, are rather forced

by temperature, humidity, pressure and wind so that only biases in these

variables can generate biases in the cloud fraction computed by RCMs.

Bentsen et al. (2013) found that NorESM1-M overestimates air temperature

over Western Europe which would explain why LCC is underestimated

in MAR. As the climate of Europe is highly constrained by the dominant

weather regimes (Section 1.1), biases in their frequency of occurrence can also

generate biases in cloud cover and therefore in Eg↓. For instance, Chiacchio

and Wild (2010) found negative correlations between NAO index values

and LCC and MCC trends over Northern Europe in spring and summer

for the period 1985�2000. Cattiaux et al. (2013) showed that NorESM1-M

tends to slightly underestimate the NAO+ regime frequency by about -5%

which should imply an overestimation of TCC in MAR-NOR-histo which is

not the case. On the contrary, MIROC5 overestimates the summer NAO+

regime frequency by about +20% but MAR-MIR-histo shows no signi�cant

bias in TCC in summer except over the North Sea. This suggests that

the biases in TCC found in our MAR simulations are more related to the

parameterization of cloud properties implemented in MAR. In fact, Wyard

et al. (2018) compared reanalyses and MAR forced by these reanalyses

simulations to ground-based measurements of TCC and Eg↓ (Section 5.3).

They found similar TCC biases in reanalyses and in MAR while biases in

Eg↓ were reduced by up to 90% in MAR with respect to reanalyses. They

concluded that the cloud optical depth is larger in MAR than in reanalyses.

Bartók et al. (2017) came to the same conclusion. By comparing GCMs

and RCMs outputs with observations of TCC and Eg↓, they concluded that

"inconsistencies between the Eg↓ simulations of GCMs and RCMs are mainly

dominated by the parameterization of local processes and by the compensating

errors resulting from this parameterization".

6.4 Future changes in Belgium

This section aims to assess the evolution of global radiation and cloud cover

by the end of the 21st century under the RCP8.5 scenario. Changes in

the future Belgian climate were assessed by comparing the 2071�2100 mean

climate computed by MAR-NOR-rcp85 and MAR-MIR-rcp85 to the 1976�
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2005 mean climate computed by MAR-NOR-histo and MAR-MIR-histo.

As done in Fettweis et al. (2013), for a given climate variable, its future

changes were considered as signi�cant if they were larger than its 1976�2005

interannual variability.

6.4.1 Global radiation

Compared to 1976�2005, only MAR-NOR-rcp85 shows signi�cant changes,

namely an increase in the mean annual Eg↓ with values between +5 and

+10 W m−2 over the entire Belgium (Figure 6.7(a)). This increase is

dominated by changes in spring and particularly in summer which exhibits

signi�cantly increasing Eg↓ over most part of Belgium with values ranging

from +10 to +20 W m−2 (Figure 6.7(d)). On the contrary, MAR-MIR-rcp85

shows no signi�cant change whatever the season (Figure 6.7(f) to (j)).

It should be noted that the amplitude of these future changes is smaller than

their biases over the present-day climate. Therefore, these future changes

are likely not robust.

6.4.2 Cloud cover

Regarding TCC, both MAR-NOR-rcp85 and MAR-MIR-rcp85 simulate a

signi�cant decrease in yearly mean TCC which does not exceed -10 %

(Figure 6.8(a)-(f)). In addition, the signal is negative whatever the season.

MAR-NOR-rcp85 shows a decrease in yearly mean TCC which is homogen-

eous over the entire domain with values between -5 and -10 % (Figure 6.8(a)).

As winter shows no signi�cant trend, this decrease in the yearly mean TCC

values are dominated by signi�cant changes in spring, summer and autumn

which all broadly exhibit the same pattern and values between -5 and -

10 % (Figure 6.8(b)-(c)-(d)-(e)). It should be noted that in autumn, the

only places where the trends are not signi�cant are the highest part of the

Ardennes massif.

MAR-MIR-rcp85, for its part, shows larger changes to the western part of

the domain than to the eastern part with values between -5 and -10 % to

the west and under -5 % to the east (Figure 6.8(f)). Winter and summer

show no signi�cant change while spring and autumn show decreasing trends

which do not exceed -10 % (Figure 6.8(g)-(h)-(i)-(j)). As MAR-NOR-rcp85,
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Figure 6.7: Seasonal changes in Eg↓ simulated by (a)-(b)-(c)-(d)-(e) MAR-NOR-rcp85
and (f)-(g)-(h)-(i)-(j) MAR-MIR-rcp85 over 2071�2100 with respect to 1976�2005. Filled
pixels indicate the places where the changes are statistically signi�cant with respect to the
MAR-NOR-histo and MAR-MIR-histo interannual variability over 1976�2005. Hashed pixels
indicate the places where the changes are statistically non-signi�cant.
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MAR-MIR-rcp85 shows no signi�cant trend over the Ardennes massif but

over a larger extent.

Both MAR-NOR-rcp85 and MAR-MIR-rcp85 exhibit a signi�cant decrease

in the annual LCC and MCC over the entire MAR domain whereas HCC

changes are non-signi�cant (MAR-NOR-rcp85) or limited to the coastal area

(MAR-MIR-rcp85) (Figure 6.9). Both MAR future projections agree on an

LCC decrease of -5 to -10 % (Figure 6.9(a)-(d)) while MCC is a�ected by a

smaller decrease with values lower than -5 %, except in MAR-NOR-rcp85,

which sees an MCC decrease over the Ardennes close in value to the LCC

decrease (Figure 6.9(b)-(e)). HCC also sees a smaller decrease (lower than

-5 %) than LCC (Figure 6.9(c)-(f)). The value and signi�cance of the TCC

changes being similar to those of LCC, we can conclude that the decrease in

TCC is dominated by the decrease in LCC.

It should be noted that the amplitude of these future changes is again

smaller than their biases over the present-day climate. Therefore, these

future changes are likely not robust.

6.4.3 Discussion

The comparison between the 2071�2100 mean climate to 1976�2005 shows

that only MAR-NOR-rcp85 simulates signi�cant changes in Eg↓ and more

precisely an increase in the yearly mean Eg↓ dominated by changes in spring

and particularly summer. This increase in Eg↓ coincides with decreasing

TCC and particularly decreasing LCC and MCC simulated by MAR-NOR-

rcp85 and to a lesser extent by MAR-MIR-rcp85. However, the signi�cant

decrease in LCC and MCC simulated by MAR-MIR-rcp85 does not lead

to a signi�cant increase in Eg↓. It should nevertheless be noted that the

amplitude of these future changes is smaller than their biases over the

present-day climate. Therefore, these future changes are likely not robust.

Still, the behaviour of MAR-MIR-rc85 remains to be explained. Regarding

the yearly mean cloud optical depth (COD), MAR-MIR-rcp85 shows positive

but non-signi�cant changes over the entire Belgium contrary to MAR-NOR-

rcp85 which shows positive changes but non-signi�cant over the Ardennes

only (Figure 6.10(a)-(b)). This positive signal in COD simulated by MAR-

MIR-rcp85 over the entire Belgium may explain why the latter shows no

change in Eg↓ despite signi�cant decreasing LCC and MCC: the decrease in
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Figure 6.8: Seasonal changes in TCC simulated by (a)-(b)-(c)-(d)-(e) MAR-NOR-rcp85
and (f)-(g)-(h)-(i)-(j) MAR-MIR-rcp85 over 2071�2100 with respect to 1976�2005. Filled
pixels indicate the places where the changes are statistically signi�cant with respect to the
MAR-NOR-histo and MAR-MIR-histo interannual variability over 1976�2005. Hashed pixels
indicate the places where the changes are statistically non-signi�cant.
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Figure 6.9: Mean annual changes in LCC, MCC and HCC simulated by (a)-(b)-(c) MAR-
NOR-rcp85 and (d)-(e)-(f) MAR-MIR-rcp85 over 2071�2100 with respect to 1976�2005.
Filled pixels indicate the places where the changes are statistically signi�cant with respect to
the MAR-NOR-histo and MAR-MIR-histo interannual variability over 1976�2005. Hashed
pixels indicate the places where the changes are statistically non-signi�cant.

TCC is counterbalanced by an increase in its COD. We have also looked at

the changes in the yearly mean ice water content (IWC) and liquid water

content of clouds (LWC). Both simulations exhibit decreasing IWC which

are even signi�cant over the southern part of Belgium in MAR-NOR-rcp85

with relative changes ranging from -2 to -10 % (Figure 6.10(c)-(d)). On

the contrary, MAR-NOR-rcp85 exhibits a non-signi�cant decrease in LWC

while MAR-MIR-rcp85 exhibits a non-signi�cant increase (Figure 6.10(e)-

(f)). This would also explain why MAR-MIR-rcp85 simulates no change in

Eg↓ as the decrease in IWC is counterbalanced by an increase in LWC.

Focusing on Europe, studies show that the sign of Eg↓ changes depends on
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Figure 6.10: Mean annual changes in (a)-(b) COD and relative mean annual changes in
(c)-(d) IWC and (e)-(f) LWC simulated by MAR-NOR-rcp85 and MAR-MIR-rcp85 over
2071�2100 with respect to 1976�2005. Filled pixels indicate the places where the changes
are statistically signi�cant with respect to the MAR-NOR-histo and MAR-MIR-histo inter-
annual variability over 1976�2005. Hashed pixels indicate the places where the changes are
statistically non-signi�cant.

the use of global or regional climate model simulations (Jerez et al., 2015;

Wild et al., 2015; Bartók et al., 2017). Studies using GCM simulations from

CMIP5 concluded on an increase in Eg↓ (Wild et al., 2015; Bartók et al.,

2017) while a decrease is found all over Europe except in Mediterranean

regions when RCM simulations from EURO-CORDEX are used (Jerez et al.,
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2015; Bartók et al., 2017). Bartók et al. (2017) state that this di�erence

results from the di�erent behaviour of cloud cover in global and regional

climate models. In our case, contrary to Jerez et al. (2015) and Bartók et al.

(2017), our RCM simulations (MAR-NOR-rcp85) are in agreement with their

forcing GCM (Bartók et al., 2017) regarding their trends in Eg↓ and TCC.

This implies that the trends simulated by the MAR RCM over Belgium are

fully driven by the lateral boundary conditions. Wyard et al. (2018) also

came to this conclusion by comparing the MAR outputs to reanalyses and

observations (Section 5.4). The reason why our RCM simulations are so

dependent on their lateral boundary conditions is the small size of the MAR

integration domain over Belgium while Jerez et al. (2015) and Bartók et al.

(2017) used continentale-scale RCM simulations. Indeed, Leduc and Laprise

(2009) and Flato et al. (2014) stated that small domains allow less freedom

for RCMs to generate small-scale features.

Regarding the discrepancies between MAR-NOR-rcp85 and MAR-MIR-

rcp85, they result from their forcing GCM since the same MAR con�g-

uration (domain size, calibration) is used for both these simulations. As a

reminder, control simulations show similar behaviour and biases, both sig-

ni�cantly underestimating TCC and LCC, and signi�cantly overestimating

MCC, HCC and Eg↓. The future climate sensitivities can therefore hardly

be linked to the present-day biases found in the historical simulations, as

already highlighted by Cattiaux et al. (2013). Another possible reason to the

discrepancies between MAR-NOR-rcp85 and MAR-MIR-rcp85 is large-scale

dynamics. Cattiaux et al. (2013) compared the 2071�2100 mean frequencies

of occurrence of the main weather regimes simulated by the CMIP5 GCMs

to their 1981-2010 mean frequencies. As the signal of the yearly mean

trends in Eg↓ is driven by the summer trends, we look at the circulation

changes for this season. Both NorESM1-M and MIROC5 exhibits more

frequent blocking (BL) regime of about +10% and +5 % respectively (Cat-

tiaux et al., 2013). BL regime corresponds to the persistance of anticyclonic

conditions over Northern Europe which favour clear-sky conditions in our

regions. These more frequent BL conditions are therefore consistent with the

signi�cant decline of TCC, LCC and MCC found in our future projections.

This also explains why the decrease in TCC and the resulting increase in

Eg↓ are stronger in summer for the MAR-NOR-rcp85 simulation than in

MAR-MIR-rcp85 as the former simulates a larger increase in the BL regime
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than the later. It should be noted that circulation changes such as more

frequent anticyclonic conditions have been suspected to be responsible for

the increase in Eg↓ observed since the 2000s (Bender et al., 2012; Eastman

and Warren, 2013; Wyard et al., 2018) (Section 5.4.3). As the more frequent

BL regime in summer is simulated by all CMIP5 GCMs (Cattiaux et al.,

2013), our results suggest that such circulation changes are a consequence of

global warming.

Besides discrepancies and uncertainties related to the MAR forcings, issues

related to the parameterizations implemented in the MAR RCM are also an

additional source of uncertainties in our future projections. For instance, by

comparing MAR with observations, Wyard et al. (2017, 2018) have brought

to light that MAR underestimates cloud fraction and more particularly

convective clouds, as a results of issues in the parameterization of convection

as well as cloud microphysics (Section 3.3 and Section 5.3). Hence, as

convection is expected to increase in a warmer climate, the decrease in cloud

fraction projected by MAR and consequently the increase in Eg↓ are certainly

overestimated as MAR fails to properly simulate this kind of clouds.

Finally, it should be noted that our future projections were performed

under constant aerosol emissions whereas their future concentrations in

the atmosphere is one of the key factors for the future evolution of cloud

properties and Eg↓.

6.5 Chapter conclusion

This chapter aims at evaluating the future evolution of Eg↓ by the end of the

21st century under the RCP8.5 scenario. For this purpose, two GCMs from

CMIP5, NorESM1-M and MIROC5, were selected by using the skill score

methodology of Connolley and Bracegirdle (2007) and were dynamically

downscalled 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 GCMs. An evaluation of the historical simulations was �rst conduted

by comparing MAR-NOR-histo and MAR-MIR-histo to MAR forced by

the ERA-interim reanalyses (MAR-ERA) for the period 1976�2005. An

evaluation of future trends in the Eg↓ and cloud cover was then carried
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out by comparing the 2071�2100 future mean climate to the 1976�2005

present-day mean climate.

The evaluation of the MAR forced by GCMs simulations has brought to

light signi�cant biases in both MAR-NOR-histo and MAR-MIR histo. They

both overestimate the mean annual Eg↓ especially in coastal regions where

the biases can reach +15 W m2 in MAR-NOR-histo and +30 W m2 in

MAR-MIR-histo. This overestimation results from the underestimation of

the mean annual TCC, which reaches -15 % in MAR-NOR-histo while it is

smaller in MAR-MIR-histo (lower than -10 % ) but covers as larger area.

The magnitude and the pattern of the biases depend on the season and are

quite limited in summer. Regarding TCC, its underestimation is due to

the underestimation of LCC as MCC and HCC are overestimated in both

control simulations. Biases in the MAR simulations are mainly related to

the parameterization of clouds properties implemented in MAR and also to

biases in the GCM forcing �elds.

The amplitude of the future trends is smaller than the biases over the present-

day climate. Therefore, these future changes are likely not robust. Still,

our results show decreasing TCC, between -5 and -10 %, and particularly

decreasing LCC and MCC simulated by MAR-NOR-rcp85 and to a lesser

extent by MAR-MIR-rcp85. However, the signi�cant decrease in LCC and

MCC simulated by MAR-MIR-rcp85 does not lead to a signi�cant increase

in Eg↓ as it is the case for MAR-NOR-rcp85. The latter exhibits a signi�cant

increase in the yearly mean Eg↓ over the entire Belgium valued between

+10 and +20 W m2. Existing studies show that contrary to Jerez et al.

(2015) and Bartók et al. (2017), our RCM simulations (MAR-NOR-rcp85)

are in agreement with their forcing GCM (Bartók et al., 2017) regarding

their trends in Eg↓ and TCC. This implies that the trends simulated by the

MAR RCM over Belgium are fully driven by the lateral boundary conditions

as a consequence of the size of the domain (120x110 grid points). Regarding

the discrepancies between MAR-NOR-rcp85 and MAR-MIR-rcp85, they are

hardly explained by their present-day biases and appear to be linked to

discrepancies in future changes in large-scale dynamics. Both NorESM1-M

and MIROC5 simulates an increase in the blocking (BL) regime frequency in

summer with an increase of +10 and 5 % respectively (Cattiaux et al., 2013).

This implies more frequent anticyclonic conditions over Belgium favouring

cloudless sky. These more frequent BL conditions are therefore consistent
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with the signi�cant decline of TCC, LCC and MCC found in our future

projections. This also explain why the decrease in TCC and the resulting

increase in Eg↓ are stronger in summer for MAR-NOR-rcp85 than for MAR-

MIR-rcp85 as the former simulates a larger increase in the BL regime than

the latter. It should be noted that circulation changes such as more frequent

anticyclonic conditions have been suspected to be responsible for the increase

in Eg↓ observed since the 2000s (Bender et al., 2012; Eastman and Warren,

2013; Wyard et al., 2018). As the more frequent BL regime in summer is

simulated by all CMIP5 GCMs (Cattiaux et al., 2013), our results suggest

that such circulation changes are a consequence of global warming.

In addition, as in Wyard et al. (2017) and Wyard et al. (2018), our results

show again that the parameterization of convection as well as cloud mi-

crophysics implemented in MAR requires improvements in order to reduce

uncertainties related to the MAR physics (Section 3.3 and Section 5.3). These

issues in the MAR physics likely cause an ampli�cation of the aforementioned

trends simulated by MAR.

Finally, as further perspectives, given that part of the biases found in our

simulations were inherited from the forcing GCMs, it may be relevant to

reiterate this study with the updated forcing data (from CMIP6), so as to

assess the sensitivity of our RCM MAR to the GCM uncertainty. Then,

the in�uence of future changes of temperature and Eg↓ on energy yields of

photovoltaic systems could be assessed as done in Wild et al. (2015).
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7.1 Conclusions

Although initially designed for the polar regions, the regional climate model

MAR was applied for the �rst time to Belgium which has a temperate

climate. The aim was �rst to assess the performances of MAR over

Belgium and then to study the current and future evolution of hydroclimatic

conditions favouring �oods and also the current and future evolution of

global radiation. For this purpose, historical simulations were performed

by downscaling four reanalyses using MAR: ERA40/ERA-interim (1959�

2016), NCEP/NCAR-v1 (1949�2016), ERA-20C (1900�2010) and 20CRV2C

(1900�2010). Future projections (2006�2100) and their control simulations

(1976�2005) were then performed by downscaling two global climate models

(GCM) under the RCP8.5 scenario: NorESM1-M and MIROC5. These two

GCMs were selected among the 30 GCMs of the CMIP5 database using

the skills scores methodology of Connolley and Bracegirdle (2007). The

horizontal resolution used for both historical and future simulations is 5 km.

It is the best resolution which can be used given the physics of the MAR

model.

On the one hand, the evaluation of the MAR performances was made by

comparing MAR forced by reanalyses to the raw reanalyses and ground-based

observations over 1959�2010. This period is the longest common period to

all four reanalyses used as MAR lateral boundary conditions. On the other

hand, the evaluation of MAR forced by GCMs was made by comparing the

1976�2005 mean climate computed by these simulations to the MAR forced

by ERA-interim.

The current evolution of the Belgian climate was assessed by performing

a linear trend analysis using MAR forced by reanalysis simulations for

the period 1959�2010. The future evolution of the Belgian climate was

determined by comparing the 2071�2100 mean climate simulated by MAR

forced by GCM future simulations under RCP8.5 to the 1976�2005 mean

climate simulated by MAR forced by GCM historical simulations.

The main conclusions regarding the objectives of this PhD thesis are dis-

cussed hereafter.
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7.1.1 On the added value of MAR and the sources of

uncertainty in the simulations

The evaluation of the MAR performances shows that MAR successfully sim-

ulates the spatial variability of the Belgian climate and also its daily, seasonal

yearly, and decadal variations. Compared to ground-based measurements

from 20 weather stations over 2008�2014, MAR exhibits non-signi�cant

biases regarding temperature, precipitation, and snow height. Regarding

global radiation and cloud cover, the comparison to 4 ground-based stations

which has measured global radiation and cloud cover over at least 1975�2014

shows that MAR exhibits non-signi�cant biases. The MAR results are par-

ticularly satisfying during the winter months and over the higher Belgian

altitudes where the climate is the coldest. This is likely related to the fact

that MAR was initially designed for the simulation of polar climates. For

instance, correlation coe�cient (R) values for daily snow height are above

0.90 while R values for daily precipitation amount are above 0.70.

The added-value of an RCM like MAR with respect to global models

was also proven. Using MAR largely reduces the biases found in the global

climate simulations including reanalyses. This is particularly remarkable

regarding global radiation with biases reduced from 25 % to 92 % depending

on the reanalysis used. MAR also allows a more detailed spatial variability

for global radiation and cloud cover (5 km). However, it should be noted

that compared to reanalyses, R and root mean square error (RMSE) are

not improved by MAR suggesting that interannual variability of MAR is

fully driven by the prevailing large-scale conditions prescribed by the lateral

boundary conditions. This is due to the small size of the integration domain

used in this research (600 km x 550 km). In fact, it has been proven that

small domains allow less freedom for RCMs to generate small-scale features.

In addition, this dependency of the MAR results to its forcing data

was also highlighted by the trend analysis. The results show that the sign

of the trends found in MAR is fully driven by the forcing models and their

ability to simulate large-scale circulation:

= Regarding reanalysis, MAR produces the best results when it is forced

by the ERA-interim reanalysis probably because this reanalysis assim-

ilates much more data and has a much better horizontal and vertical

resolution than all three other reanalyses (NCEP/NCAR-v1, ERA-20C,
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20CRV2C) used in this research. On the contrary, NCEP/NCAR-v1

ampli�es the trends in global radiation and cloud cover or generates

opposite trends than observed in the extreme precipitation events. The

low spatial resolution of NCEP/NCAR-v1 (2.5°x2.5°) is likely respons-

ible for these poor results. Despite having a better spatial resolution

than NCEP/NCAR-v1, ERA-20C and 20CRV2C do not produce con-

sistent trends. This is probably because they only assimilate surface

observations such as pressure, marine winds, sea surface temperature,

and sea ice cover, and also show biases in the free atmosphere.

= Regarding GCMs, the future changes found in our MAR results are fully

driven by the lateral boundary conditions. We show that discrepancies

in the sign and the magnitude of future changes found between our

future simulations are linked to the large-scale dynamics modelled by

the forcing GCMs. However, these changes in large-scale dynamics vary

from one GCM to another especially for the winter season so that the

response of the large-scale dynamics to warmer temperature is highly

uncertain and therefore brings high uncertainties in the future trends of

cloud cover and global radiation particularly.

The seasonal biases found in the MAR results has brought to light weak-

nesses in the MAR physics causing uncertainties in the trends simu-

lated by MAR. The main weaknesses of MAR are related to the parameter-

ization of convection, cloud properties, vegetation seasonality, soil humidity

and to aerosol-cloud interactions which are not taken into account in MAR:

= Regarding daily precipitation amount, R and RMSE values are the best

in winter when stratiform precipitation dominates. On the contrary,

R and RMSE values and even biases (underestimation) are the largest

in summer when convective precipitation dominates. This is explained

by limitations of the convective scheme implemented in MAR,

which is the parameterization of Bechtold et al. (2001)). Such a para-

meterization was required because MAR does not explicitly simulate

convection. However this kind of parameterization was made for a

minimum space grid of 10 km while MAR is used at 5 km. This likely

explains why the convective scheme of MAR does not properly simulate

convective precipitation events, their amount and their location.

= Although the temporal and spatial variations of temperature are very
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well represented by MAR (R values above 0.95), seasonal biases in

daily mean temperature were also brought to light. MAR overestimates

temperature except in winter. The overestimation of temperature is the

largest in summer. These biases are correlated with those found in cloud

cover and in global radiation. We found an overestimation of cloud

cover in winter which goes along with an underestimation of global

radiation. The opposite behaviour is found in summer. We therefore

conclude that the biases in temperature and in global radiation are

related to an improper representation of cloud properties and

especially of convective clouds since biases and R values are the

worst in summer when convective clouds dominate over stratiform

clouds. Furthermore, parts of the biases can result from the �xed

aerosol concentration used in the cloud microphysics module of MAR

so that the aerosol-cloud interactions are not sensitive to the historical

variations of the aerosol load in the troposphere. The modi�cations

implemented in MARv3.8 strengthen this hypothesis. In fact, by calling

the convective schemes of MAR twice as often as in MARv3.6, biases

in temperature are reduced by 90 %. Moreover, MAR appears to be

sensitive to its surface properties as well. Vegetation seasonality

was also improved in MARv3.8 and contributed to the reduction of

temperature and precipitation biases with respect to MARv3.6. Test

simulations have also shown that MAR is sensitive to soil humidity

variations especially in summer.

These weaknesses in the MAR physics bring uncertainties in the trends com-

puted from the MAR results which are summarized hereafter (Section 7.1.2

and Section 7.1.3). This is especially the case for trends in precipitation

amount and extremes as convective precipitation is predicted to increase in

a warming climate while MAR does not simulate it properly (Section 4).

Potential improvements are further discussed in Section 7.2).

7.1.2 On the current and future evolution of hydrocli-

matic conditions favouring �oods

Regarding hydroclimatic conditions favouring �oods, we focused on the

Ourthe catchment. In this river, about 70 % of �oods occur during the

winter months. A distinction is made between winter �oods generated by a
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rapid melting of the snow pack covering the Ardennes eventually combined

with rainfall, and the winter �oods generated by abundant rainfall alone.

The current evolution of hydroclimatic conditions favouring �oods was �rst

assessed for the 1959�2010 period (Chapter 3). Whatever the reanalysis

forcing MAR, the results show a signi�cant decrease in the hydroclimatic

conditions favouring �oods due to snow melting over current climate. The

causes of a such a decrease are the signi�cant depletion of the snow ac-

cumulation in the Ardennes over this period, the decrease in the number

of days with a snow accumulation of at least 5 cm but also a signi�cant

shortening of the snow season. The onset of the snow season is delayed

over the years while the end of the snow season is shortened. Regarding the

hydroclimatic conditions favouring �oods due to rainfall alone, the results

show no signi�cant long-term trend. In fact, no signi�cant trend was found

in the amount of precipitation as well as in the frequency and the intensity of

extreme precipitation events in winter, except in coastal regions. However,

we found decadal oscillations characterized by drier periods in the 1900s,

around 1920, and in the mid 1970s alternating with wetter periods in the

1910�1920s, the 1950�1960s, and in the 1990�2000s along with the decadal

variations of the North Atlantic Oscillation (NAO). Therefore, trend and

their signi�cance depend on the considered period. Finally, the trend in the

total number of days favourable to �oods in winter is negative and signi�cant

over the studied period as a result of the decrease in hydroclimatic conditions

favourable to �oods due to snow melting.

By the end of the 21st century, under the RCP8.5 scenario, we expect that

the decline of the seasonal snow cover might be counterbalanced and later

overpassed by an increase in the amount of precipitation over the Ardennes

(Wyard et al., 2017). However, our results do not con�rm these hypotheses

(Chapter 4). Compared to the 1976�2005 mean climate, the 2071�2100

mean climate shows a signi�cant decrease in the snow accumulation, which

results in a signi�cant decrease in the hydroclimatic conditions favouring

�oods due to snow melting. Further, our results show no signi�cant changes

in the extreme precipitations events in winter although these trends are

subject to uncertainties due to the limitations of the convective scheme of

MAR (Section 7.1.1). Therefore, the trends in hydroclimatic conditions

favouring �oods due to heavy rainfall are not signi�cant. The resulting

future changes in the total number of days favourable to �oods in winter
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remain negative and signi�cant when MAR is forced by MIROC5. Indeed,

compared to NorESM1-M, MIROC5 simulates a larger increase in winter

temperature because it simulates a stronger snow-albedo feedback and a

larger increase in the circulation types which favour mild winters in Belgium

(positive NAO index).

7.1.3 On the current and future evolution of global ra-

diation and cloudiness

The current evolution of global radiation (Eg↓) is well documented. A

worldwide dimming was measured between the 1950s and the 1980s. This

dimming period was then followed by a partial brightening since the 1980s

in Europe and Northern America. These historical variations were caused by

complex interactions between aerosols, clouds and radiation. In this context,

MAR was useful to con�rm the causes of these variations.

The current evolution of Eg↓ was �rst assessed for the period 1959�2010

(Chapter 5). In addition, we consider two distinct periods in our analysis:

1959�1979 (dimming) and 1980�2010 (brightening). For both the dimming

and the brightening periods, our results show that the annual Eg↓ trends are

mainly driven by Eg↓ changes in spring and summer. They also suggest that,

in Belgium, the aerosol-radiation interactions cannot be neglected, especially

for the dimming period, because trends in observed total cloud cover are

non-signi�cant while trends in observed Eg↓ are signi�cant. The increase in

Eg↓ observed in Belgium since the 1980s and especially since the 2000s could

mainly be explained by a decrease in low and medium cloud cover. This

would strengthen the e�ect of the decrease in aerosol load on Eg↓ that has

been observed in Europe since the 1980s. The origin of these changes in

cloudiness is not clear and could result from changes in both aerosol-cloud

interactions and atmospheric-circulation. In fact, our results show increasing

air temperature, decreasing speci�c relative humidity at 500 and 700 hPa.

On the one hand, the decreasing aerosol load in the atmosphere observed

in Belgium from the 1980s to the very beginning of the 2000s could be

responsible for the decrease in low and medium cloud cover (during the

brightening period) by inhibiting cloud development. Then, the decrease

in cloud cover could have generated more Eg↓ and therefore increased air

temperature, which could generate a decrease in relative humidity. On the
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other hand, a poleward shift of extratropical storm tracks was also observed

during the brightening period and would imply more frequent tropical air

advections and more frequent anticyclonic conditions over Western Europe.

Such changes would explain the increasing temperature and decreasing

speci�c humidity which then would have generated a decrease in relative

humidity and thus inhibited cloud development. However, the origin of

these changes in the large-scale circulation could result from the natural

oscillations of the climate or from the global warming.

The analysis of the impact of future warmer temperature on the large-scale

circulation and on global radiation answers this question (Chapter 6).

By the end of the the 21st century, under the RCP8.5 scenario, Cattiaux

et al. (2013) showed that the GCMs of CMIP5, including NorESM1-M and

MIROC5, simulate an increase in the blocking regime frequency in summer

over Europe. For Belgium, this implies more frequent anticyclonic conditions

favouring cloudless conditions. Compared to the 1976�2005 mean climate,

the 2071�2100 mean simulated with MAR forced by GCMs future projections

exhibits signi�cant decreasing total cloud cover, and particularly decreasing

low and medium cloud cover. However, this declining cloud cover leads to

contrasting changes in Eg↓ depending on the GCM used to force MAR. When

MAR is forced by MIROC5 (MAR-MIR-rcp85), no signi�cant trend is found

in Eg↓ whatever the season. On the contrary, we �nd a signi�cant increase

in Eg↓ when MAR is forced by NorESM1-M (MAR-NOR-rcp85) especially

in summer. However, these future changes are likely not robust since their

magnitude is smaller than their biases over present-day climate with regard

to global radiation and total cloud cover. Still, the more frequent blocking

conditions are therefore consistent with the signi�cant decline of total, low

and medium cloud cover found in our future projections. This also explains

why the decrease in total cloud cover and the resulting increase in Eg↓ are

stronger in summer for MAR-NOR-rcp85 than for MAR-MIR-rcp85 as the

former simulates a larger increase in the blocking regime than the latter. In

addition, as the more frequent blocking regime in summer is simulated by

all CMIP5 GCMs, our results suggest that such circulation changes are a

consequence of global warming.
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7.2 Potential improvements in the MAR phys-

ics

The evaluation of the MAR performances over Belgium has brought to light

several de�ciences in the physics of the model which cause biases and produce

uncertainty in the trends computed from the model results. Suggested

improvements in the MAR physics are discussed hereafter.

7.2.1 Improvement of convection parameterization in MAR

As summurized in Section 7.1.1, de�ciencies in the convective scheme im-

plemented in MAR are responsible for biases in precipitations, temperature,

cloud cover, and global radiation. These biases would be partly corrected by

improvement of parameterization of convection in MAR.

As a reminder, the parameterization of convection is required in MAR

because MAR is a hydrostatic model and convection is a subgrid process (see

Section 2.1.1). The convective scheme which is currently implemented in

MAR is the Bechtold et al. (2001) scheme which is also used in the ERA40

reanalyses. One solution would be to �nd a more e�ecient parameterization

of convection. Doutreloup et al. (2018) implemented �ve convective schemes

in MAR and assessed the sensitivity of MAR, running at 10 km, to these

"new" convective schemes. The convective schemes which were implemented

in MAR by Doutreloup et al. (2018) are: Bechtold coming from the MESO-

NH regional model, Betts-Miller-Janji¢, Kain-Fritsch, and modi�ed Tiedtke

coming from the WRF RCM. The results show that MAR still has signi�cant

biases in precipitation whatever the convective scheme used in the simulations

and that each convective scheme has its advantages and disadvantages.

Given these results, it appears that the de�ciencies in the representation of

convection in MAR cannot be solved by using other parameterizations of

convection either because it remains a parameterization or because the source

of the problem is elsewhere such as soil humidity and evapotranspiration

which fuel convection. The latter is further discussed in Section 7.2.3.

In order to avoid a parametrizetaion of convection, a solution would be

to turn MAR into a non-hydrostatic RCM in order to use �ner spatial

resolution and therefore explicitly resolve convection. In the literature, the
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maximum space-grid for which the hydrostatic equilibrium holds is 10 km

while we performed our MAR simulations at a space grid of 5 km. At such

a �ne resolution, vertical acceleration cannot be neglected so that vertical

motion should be explicitly resolved. Ideally, convective cells and orographic

precipitations (over the Ardennes for instance) require horizontal spatial

resolution �ner than 1 km to be properly resolved. In fact, several studies

have assessed the added value of non-hydrostatic RCMs using a space grid

between 1.5 and 2.8 km. Chan et al. (2013) and Kendon et al. (2017)

have shown that, while some aspects of precipitation are improved (daily

precipitation extreme intensity in summer), some are not improved or can

even be worse (larger seasonal biases, overestimation of extreme frequency).

Over Belgium, Saeed et al. (2017) and Vanden Broucke et al. (2018) have

shown that 2.8 km convection-permitting simulations improve the modelling

of the most extreme precipitation events on an hourly time scale, and that

they modify the future signals of daily precipitation extremes compared to

non-convection-permitting simulations during summer. However employing

a �ner space grid is computationally expensive and therefore requires either

a smaller integration domain and/or a greater computational power.

7.2.2 Improvement of cloud microphysics in MAR

Biases in cloud cover has been highlighted throughout the manuscript as a

consequence of de�ciencies in the cloud microphysics module of MAR. Part

of the biases can result from the �xed aerosol concentration used in the cloud

microphysics module of MAR so that the aerosol-cloud interactions are not

sensitive to the historical variations of the aerosol load in the troposphere.

Cloud microphysics parameterization is an issue encountered by all climate

models as explained in Section 5.3.3. It is indeed quite challenging to

represent subgrid processes such as droplet nucleation, droplet growth,

collisions between droplets and di�erent hydrometeors, freezing/melting,

sedimentation, e�ect of aerosols, interactions with radiation, etc. Today,

the modelisation of aerosol-cloud interactions still remains a challenge (Lebo

et al., 2017). Studies have shown that a modelisation of aerosol-cloud

interactions using time-varying aerosols allows to reduce biases in RCMs

(Zubler et al., 2011a,b). It would therefore be interesting to use time-varying

aerosols in the cloud microphysics module of MAR.

144



7. General conclusions and perspectives

7.2.3 Improvement of the surface and soil properties in

MAR

The improvement of the surface and soil properties of MAR would partly

correct precipitation and temperature biases. Test simulations demonstrate

that wetter soils allow to correct the temperature biases and to reduce

precipitation biases in summer. Changing the leaf area index (LAI) and

green leaf fraction (GLF) data in version 3.8 of MAR has demonstrated the

sensitivity of the model to its surface properties.

Currently, MAR is fully coupled to the SISVAT surface scheme (see Sec-

tion 2.1.1). Although SISVAT is already a complex surface model, several

aspects of the model are quite simple such as the hydrology of the soil layers

and the vegetation dynamics. For instance, only the �rst meter of soil is

resolved in MAR and there is no horizontal exchange from one grid cell to

another. Moreover, soil moisture remains constant over time so that the

lowest precipitations are overestimated while the heaviest precipitations are

underestimated. Surface properties such as land use, roughness length, LAI,

and vegetation seasonality are prescribed from external data and remain

constant throughout the years and whatever the atmospheric forcing. Soil

moisture-atmosphere (Seneviratne et al., 2010) and vegetation-atmosphere

(McPherson, 2007) interactions and feedback are therefore impacted by

such a poor representation with consequences on temperature, precipitation

and the intensity of droughts and heat waves for instance. In fact, land-

atmosphere interactions are known for their positive feedback on droughts

and heat waves (Miralles et al., 2018). Therefore, improving the hydrological

part and the surface properties dynamics of SISVAT would partly correct

biases and strengthen the trends found in MAR. It should be noted that, in a

warming climate, it has been demonstrated that these land-atmosphere and

vegetation atmosphere feedbacks would a�ect the climate response to higher

greenhouse gas concentration in the atmosphere by modifying the moisture,

energy and carbon �uxes between the atmosphere and the surface. (Senevir-

atne et al., 2006, 2010; Strengers et al., 2010; Ukkola et al., 2018). A good

representation of land-atmosphere and vegetation atmosphere feedbacks is

therefore required for more robust future projections.

The coupling between MAR and a complex hydrological model might possibly

reduce the temperature and precipitation biases by enhancing energy and
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water �uxes between the surface/soil and the atmosphere (Larsen et al.,

2016; Wagner et al., 2016). Coupling MAR with a dynamic vegetation model

might improve the vegetation-climate interactions and feedbacks (Strengers

et al., 2010). Finally, coupling MAR to an advanced land-surface model

to improve both the soil moisture-atmosphere and vegetation-atmosphere

interactions might lead to improvements of several aspects of the simulated

climate such as cloud cover, surface temperature, and precipitation (Davin

et al., 2011).

7.3 Perpectives

The good results of MAR for the simulation of snow, hydroclimatic conditions

and global radiation o�er possibilities of further applications. Four of these

applications are discussed hereafter.

7.3.1 Using the same methodology for other catchments

Given the satisfying results of MAR for the simulation of seasonal snow

cover, winter precipitations, and hydroclimatic conditions favouring �oods

in the Ourthe catchment, the MAR model can be used to study the long-

term evolution of hydroclimatic conditions for other Belgian and European

catchments. We would favour rivers with pluvial, nival, nivo-pluvial or

pluvio-nival regimes.

7.3.2 Using a hydrological model to simulate river dis-

charge

Besides the reduction of temperature and precipitation biases as explained

in Section 7.2.3, the coupling between MAR and a hydrological model would

allow to improve �ood simulation by taking into account mechanisms which

are too simpli�ed or not represented in the regional climate models. In

this way, the hydrology of the catchment and the river discharge would

be explicitly simulated. This kind of coupling could therefore be used for

the study of speci�c �ood events but also for the study of historical and

future trends in the river discharge. In addition, this kind of coupling could

also be used for discharge and �ood forecasts. In fact, the set-up of MAR
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developed for this PhD thesis has recently been used to perform 10-day

weather forecasts for Belgium (http://climato.be/cms/index.php?climato=

fr_previsions-meteo).

A project aiming at coupling MAR to the WOLF 2D hydraulic model

to simulate and forecast the discharge of the Ourthe river is currently in

progress.

7.3.3 Studying the impact of snow cover changes on the

ecosystem of the High Fens

As a reminder, the peculiar climate which characterizes the summits of

Belgium, especially in the High Fens plateau, allows the existence of a

remarkable ecosystem at this range of altitude (between 500 and 700 m

a.s.l.) and latitude (between 49° and 51°N). This ecosystem is characterized

by active bogs, wet heathland, alpine and even subarctic animal and plant

species such as Tetrao tetrix, Boloria aquilonaris, Eriophorum vaginatum,

Vaccinium oxycoccos or Drosera rotundifolia. Most of these plant species

survive to extreme cold temperature in winter thanks to the protective snow

cover that acts as a thermal insulator. The high plateaus are therefore

subject to nature protection and restoration projects such as LIFE projects

mainly funded by the European Union (Plunus et al., 2012). However, as

a result of global warming, plant and animal species are predicted to move

northward and to higher altitudes which won't be possible for the species

which already survive on the summits.

As the evaluation of MAR has shown the ability of the model to simulate

the climate of the Ardennes, our MAR future projections could be used to

study the impacts of climate changes on the living conditions of the plant

and animal species which currently survive on the Ardennes high plateaus.

One key variable is the seasonal snow cover because of its protective e�ect.

7.3.4 Using MAR for the evaluation of photovoltaic sys-

tem yield

The yield of photovoltaic systems depends on both the air temperature and

global radiation. As renewable energies, such as solar power, are a growing

part of the energy sector, the supply system could be more vulnerable to Eg↓
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cimate changes. Given the good performances of MAR for the simulation of

global radiation and temperature on various timescales, the MAR outputs

could be used to study the impact of climate changes on the yield of

photovoltaic systems in Belgium as done by Jerez et al. (2015) or Wild et al.

(2015) for other countries.

As MAR can also be used for weather forecasts, yield forecast can also be

computed using the MAR outputs.
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Appendix

A Additional �gures for Chapter 3

Figure A.1: Trends computed from MAR-NCEP1 over 1959�2010 in (a) the mean tem-
perature in winter (DJF), (b) the yearly mean temperature, (c) the extreme (P5) minimum
temperature in winter, and (d) the extreme (P95) maximum temperature in winter. Filled
pixels indicate the places where trends are statistically signi�cant.
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Figure A.2: Trends computed from MAR-ERA-20C over 1959�2010 in (a) the mean tem-
perature in winter (DJF), (b) the yearly mean temperature, (c) the extreme (P5) minimum
temperature in winter, and (d) the extreme (P95) maximum temperature in winter. Filled
pixels indicate the places where trends are statistically signi�cant.
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Figure A.3: Trends computed fromMAR-NCEP1 over 1959�2010 in (a) the rainfall amount
(RF) in winter (DJF), (b) the snowfall amount (SF) in winter, (c) the intensity of extreme
precipitation events in winter (trend in the 95th percentile of daily precipitation amount in
winter), and (d) the frequency of extreme precipitation events in winter (trend in the number
of days in winter with daily precipitation amount larger than its 95th percentile computed
over 1961�1990). Filled pixels indicate the places where the trends are statistically signi�cant
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Figure A.4: Trends computed from MAR-ERA-20C over 1959�2010 in (a) the rainfall
amount (RF) in winter (DJF), (b) the snowfall amount (SF) in winter, (c) the intensity
of extreme precipitation events in winter (trend in the 95th percentile of daily precipitation
amount in winter), and (d) the frequency of extreme precipitation events in winter (trend in
the number of days in winter with daily precipitation amount larger than its 95th percentile
computed over 1961�1990). Filled pixels indicate the places where the trends are statistically
signi�cant
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Figure A.5: Trends computed from MAR-NCEP1 over 1959�2010 in (a) the maximum
daily snow depth (SD) in winter (DJF), (b) the number of days per winter with a snow
cover of at least 5 cm of thickness (SD), (c) the �rst day of the year with a snow depth of
at least 1cm (Si), and (d) the last day of the year with snow depth of at least 1 cm (Sf).
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Figure A.6: Trends computed from MAR-ERA-20C over 1959�2010 in (a) the maximum
daily snow depth (SD) in winter (DJF), (b) the number of days per winter with a snow cover
of at least 5 cm of thickness (SD), (c) the �rst day of the year with a snow depth of at least
1cm (Si), and (d) the last day of the year with snow depth of at least 1 cm (Sf).
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Figure A.7: Trends over 1959�2010 of (a) the mean surface pressure in winter (DJF)
computed from MAR-NCEP1, and (b) the mean NAO index recorded in winter. Filled
pixels indicate the places where the trends are statistically signi�cant

Figure A.8: Trends over 1959�2010 of (a) the mean surface pressure in winter (DJF)
computed from MAR-ERA-20C, and (b) the mean NAO index recorded in winter. Filled
pixels indicate the places where the trends are statistically signi�cant
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Figure A.9: Un�ltered values, 5-year �ltered values and trends computed fromMAR-ERA
over 1959�2010 of (a) the number of days per winter (DJF) favourable to �oods due to
snowpack melting combined with rainfall events (SFDMAR−NCEP1), (b) the number of days
per winter favourable to �oods due to rainfall events alone (PFDMAR−NCEP1), (c) the total
number of days per winter favourable to �oods (TFDMAR−NCEP1), (d) the number of �ood
events favourable to �oods per winter (FEMAR−NCEP1). Un�ltered values, 5-year �ltered
values and trends computed from observations in Sauheid are also displayed with (e) the
number of observed �ood days per winter (TFDOBS), and (f) the number of observed �ood
events per winter (FEOBS).
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Figure A.10: Un�ltered values, 5-year �ltered values and trends computed fromMAR-
ERA over 1959�2010 of (a) the number of days per winter (DJF) favourable to �oods due
to snowpack melting combined with rainfall events (SFDMAR−ERA20C), (b) the number of
days per winter favourable to �oods due to rainfall events alone (PFDMAR−ERA20C), (c) the
total number of days per winter favourable to �oods (TFDMAR−ERA20C), (d) the number
of �ood events favourable to �oods per winter (FEMAR−ERA20C). Un�ltered values, 5-year
�ltered values and trends computed from observations in Sauheid are also displayed with (e)
the number of observed �ood days per winter (TFDOBS), and (f) the number of observed
�ood events per winter (FEOBS).
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B Additional �gures for Chapter 4

Figure B.1: Change in winter (DJF) of NorESM1M and MIROC5 for the period 2071�
2100 with respect to 1976�2005 regarding (a)-(c) the amount of rainfalls (RF), (b)-(d) the
amount of snowfalls (SF). Filled pixels indicate the places where the changes are statistically
signi�cant with respect to the NorESM1M and MIROC5 interannual varibility over 1976�
2005. Hashed pixels indicate the places where the trends are statistically non-signi�cant.
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C Additional �gures for Chapter 5

Figure C.1: Modelled Eg↓ vs observed Eg↓ at Melle for 1967-2010 : (a) annual and seasonal
correlation (R), (b) mean bias (MB), (c) centred root mean square error (CMRSE) and (d)
standard deviation (STD). It should be noted that ERA40 covers 1967-1978 while ERA-
interim covers 1979-2010.
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Figure C.2: Modelled Eg↓ vs observed Eg↓ at Oostende for 1975-2010: (a) annual and
seasonal correlation (R), (b) mean bias (MB), (c) centred root mean square error (CMRSE)
and (d) standard deviation (STD). It should be noted that ERA40 covers 1975-1978 while
ERA-interim covers 1979-2010.
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Figure C.3: Modelled Eg↓ vs observed Eg↓ at Uccle for 1959-2010: (a) annual and seasonal
correlation (R), (b) mean bias (MB), (c) centred root mean square error (CMRSE) and
(d) standard deviation (STD). It should be noted that ERA40 covers 1959-1978 while ERA-
interim covers 1979-2010.
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Figure C.4: Modelled TCC vs observed TCC at Oostende/Middlekerk for 1966-2010: (a)
annual and seasonal correlation (R), (b) mean bias (MB), (c) centred root mean square error
(CMRSE) and (d) standard deviation (STD). It should be noted that ERA40 covers 1966-
1978 while ERA-interim covers 1979-2010. (TCC data from NCEP/NCAR-v1 and 20CRV2C
were not available).
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Figure C.5: Modelled TCC vs observed TCC at Bierset for 1966-2010: (a) annual and
seasonal correlation (R), (b) mean bias (MB), (c) centred root mean square error (CMRSE)
and (d) standard deviation (STD). It should be noted that ERA40 covers 1966-1978 while
ERA-interim covers 1979-2010. (TCC data from NCEP1/NCAR-v1 and 20CRV2C were not
available).
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Figure C.6: Modelled TCC vs observed TCC at Uccle for 1966-2010: (a) annual and
seasonal correlation (R), (b) mean bias (MB), (c) centred root mean square error (CMRSE)
and (d) standard deviation (STD). It should be noted that ERA40 covers 1966-1978 while
ERA-interim covers 1979-2010. (TCC data from NCEP/NCAR-v1 and 20CRV2C were not
available).
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Table C.1: Seasonal trends and their uncertainty range of Snedecor for the 95% con�dence
level, computed from measurements performed at Saint-Hubert. The values between brackets
indicate that they are computed for 1966�1979.

Table C.2: Seasonal trends and their uncertainty range of Snedecor for the 95% con�dence level, computed from measurements performed at
Saint-Hubert. The values between brackets indicate that they are computed for 1966�1979.

Eg↓ [W m−2] TCC [%]

1959�1979 1980�2010 1959�1979 1980�2010

Trend Range Trend Range Trend Range Trend Range

[decade−1] [decade−1] [decade−1] [decade−1] [decade−1] [decade−1] [decade−1] [decade−1]

Winter (DJF) (-0.2)1 (7.9) +1.4 2.5 (+6.5) (10.5) +2.5 2.5

Spring (MAM) (-1.3) 13.2 +10.72 6.1 (-1.3) (9.8) +1.9 3.7

Summer (JJA) (+1.0) (14.0) +12.0 6.1 (-0.1) (10.5) +2.3 3.3

Autumn (SON) (+3.4) (10.0) +4.3 4.4 (+0.6) (10.0) +3.3 2.9
1 The values between brackets indicate that they are computed for 1966�1979.
2 The values in bold indicate that the trends are statistically signi�cant at the 95 % con�dence level, namely that they are larger than the
associated uncertainty range.
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