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SummARY. — The societal impact of weather and climate phenomena is mainly felt
through the occurrence of extreme events (storms, extreme precipitation, floods, heat waves,
hail). Processes on short time scales (ranging from a few hours to a few days) play an
important role in the impact assessment of climate change on long time scales (next cen-
tury). The Royal Meteorological Institute (RMI) provides both operational weather forecasts
and climate advice. To do so, numerical computer models are used. It is shown here how
scientific advances in numerical weather prediction can lead to better climate information.

TREFWOORDEN. — Globale klimaatverandering; Regionale klimaatimpact; Klimaat-
modellen.

SAMENVATTING. — Impactmodellering van klimaatverandering van de globale naar de
regionale schaal. — De maatschappelijke impact van weer- en klimaatfenomenen laat

zich voornamelijk voelen in het voorkomen van extreme weersituaties (stormen, hevige
neerslag, overstromingen, hittegolven en hagel). Processen die zich voordoen op korte
tijdschalen (gaande van een paar uur tot een paar dagen) spelen een belangrijke rol voor
het inschatten van klimaatimpact op de lange tijdschalen (komende eeuw). Het Koninklijk
Meteorologisch Instituut (KMI) levert zowel operationele weersvoorspellingen als kli-
maatadvies. Daarvoor worden numerieke modellen gebruikt. In dit artikel tonen we aan
hoe wetenschappelijke vooruitgang in het domein van de numerieke weersvoorspellingen
kan leiden tot betere klimaatinformatie.

Morts-cLES. — Changement climatique mondial; Impact climatique régional; Mod¢les
climatiques.

RESUME. — Modélisation de I'impact du changement climatique de [’échelle mondiale a
[’échelle locale. — L’impact sociétal des phénomenes météorologiques et climatiques se fait
principalement sentir par 1’apparition d’événements extrémes (tempétes, fortes précipitations,
inondations, vagues de chaleur, gréle). Les processus a court terme (allant de quelques heures
a quelques jours) jouent un réle important pour estimer 1’impact du changement climatique a
long terme (si¢cle prochain). L’Institut royal météorologique (IRM) fournit a la fois des pré-
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visions météorologiques opérationnelles et des avis sur le climat. Pour ce faire, des modéles
numériques sont utilisés. Nous montrons ici comment les progres scientifiques dans le domaine
des prévisions météo numériques peuvent conduire a de meilleures informations climatiques.

Introduction

Weather events represent some of the most severe natural risks. For instance,
the floods that occurred in Belgium from 12 November to 15 November 2010
led to one hundred and eighty million euros of damage claims. Another example
is the so-called Pentecost storm in 2014, for which the damage claims amounted
to about six hundred and fifty million euros. During the 2003 European heat
wave, eight consecutive days went by with temperatures higher than 40° C in
several places in Europe. The death toll of that heat wave exceeded seventy
thousand in Europe (ROBINE et al. 2008).

The mission of the Royal Meteorological Institute (RMI), as the Belgian
National Meteorological Service (NMS), is to provide permanent services to
ensure Belgian national security, to provide meteorological information to the
population and to support the political authorities (Royal Decree of 31 December
1986). The weather office of the RMI issues warnings in case of extreme weather
events and monitors the meteorological situation on a 24/7 basis.

Extreme weather events do not only have an important societal impact today.
It is expected that under a changing climate, some of those events will become
more extreme or will occur more frequently. Climate change has been quantified
in the latest Assessment Report Nr. 5 (ARS) of the Intergovernmental Panel on
Climate Change (IPCC) according to so-called Representative Concentration
Pathways (RCPs) that express climate change as a function of the radiative for-
cing of the scenarios ranging from 2.6 to 8.5 W/m? at the end of the century (vaN
VUUREN et al. 2011). According to the AR5 (IPCC 2013), under the most severe
RCP8.5 scenario, one expects a global warming of about 3.7 °C (with an uncer-
tainty ranging from 2.6 °C to 4.8 °C) by the year 2100.

However, the impact of that change will be manifested through extreme natural
events (fig. 1, [IPCC 2014). This figure shows the change of the key risks for Europe,
in the current climate, for the mid-century and by the end of the 21st century. It
includes the major natural risks related to heat and cold spells and extreme precip-
itation (or lack thereof) that the NMSs are forecasting and monitoring today.

Extreme events take place on a smaller spatial scale than the global scale. So,
in order to increase our scientific knowledge about them, it is necessary to rely on
the same modeling tools that are used for Numerical Weather Prediction (NWP).

Here we give a brief overview of the history and challenges of NWP and we
will then explain how the RMI expertise on NWP has been used to compute
high-resolution climate change scenarios for Belgium. The same model is also
used for overseas applications as will be shown below.



“($10T DDdI) SUV 2ys Jo 1odar [IDA Y} woy udye) 9[qe], Juawdpnl 1adxa pue 2InjeIal| Ay JO JUSWISSISSe
UO POSeq PAYTUAPI AIdM SYSLI A9 'SUOISAI IO ‘SI0J03S ‘SISLI A SSOIOR JSLI OATIR[T 9JeN[EAd O} PAsn dq A[LIESSOIU JOU PINOYS S[OAJ] NS ‘SW}
-sAs uewny pue ‘[eo13001q ‘fearsAyd juaIoyIp uo sjordun [enuajod SIOPISUOD JUSWISSISSE A} AIUIS JNQ ‘PAJLNSA[[I ST dFULYD JBWI[O JO SOPMIUTEW
SSOI0B pue Wl YSnoay) [9A9] JSU ur dFueyd Ysu A3y udAIS © 10 "e)s paydepe AySiy [eonoyiodAy e 10j pue uoneidepe JUSLIND JO UOHEBNUNUOD
© JOJ PJBWINSD I8 S[OAJ] YSHI “QUIRY dum) [oed 104 (001Z-0807) Wd) Suo] pue ‘(0r0Z-0€0T) Wid) Jedu uasaid oy :Sowe duwm) Iy} Ul Pajud

— 229 —

-sa1d ore s[oAQ Ysry uoneydepe pue uonesSniw ysSnoay) ysu Suronpar 10§ [enusjod oy pue adoinyg ur o5ueyo eI WOIJ SYSL AXY — '] T

S — (0 JaonsLen
5.z Wi buoT plaIA patejai-1ayieam Jsulebe spnpoud sdueinsul Jo Juawdofpnsq e 11-62 2lqeL '-€°€7]
uswabeuew aiyp|im panodwi e
SvE@w“.mm%_ﬁ . Kujenb e anoidwi 01 suoISSIWa Ul SUOIINP3Y e (82uapyu0d wnipaui) uoibal
— i Juesid % ue piodsuely Jo pue sadejdyiom pue sb m%pu@wmmﬂ_a\% T _mmnn_mmw_wm_mﬂmw%_F“M:ﬂuﬂm:m_w___mﬂﬁmmcq_nm%._uﬁ__ﬂuﬁohmm
5 P jop 2Homp PJOUGHEICERY o 10qe] ‘BuIag-{lam pue yeay uo spedwl :sjuss Jeay
AN wnpajy i) swashs buiusem o uonejuswaldwl e | suianxs Aq paaje 9jdoad pue sasso| IIWOUCI3 Paseany|
EX lreevedl
(0042-0802) >
2.z Wig) buoy % (90uapyu0d ybiy)
- adoun3 wiayinos ul AzejnonJed ‘puewap aAnesodens
(0v0Z-0202) Juawabeuew Jajem pajelalul pue suejd Juswabeuew uiseq 1AL | pasespul o nsal e se Jouns pue abeulelp Jalem paonpa
wis} JesN Ul s)uawnisul 93ueusanob pue sadiideld 153q o UoeuaWldW] e |y pue (ash ansauwop ‘Aisnpur pue Abiaus ‘uonebiui o)
Juasald . (3sn dlsawop ‘salisnpul ‘A0 pue| ‘sapads “63) puewWap Ja1em Pasea.nul YIIM paulquiod ‘sadInosal
5 I doud ‘uonebiu Joy “6°3) salbaiens buines-1ayem Jo pue saibojouydal 131eMpUNo.b wouj pue uodensae JaAl woly Aljige|ieae
x_m_\r_, wnipapy ﬁ%\_, JUaDI-131eM alow Jo uodope wouy [enualod uolieidepe USAOIJ e | JS1EM UI UOIINPAI JUBDIHUBIS 'SUONDLIISAI J31eM Paseaiu|
ot
(0012-0802) AaAA SUJ3DU02 adedSpUB| pue [PIUALILOJIAUR pue
5.z Wis) Buol adoin3 ul pue| 1o} puewsap :uoiejuawsa|dw! 0] S1alieq [eNURI04 e ,
(6702060 uonaoid pooyy buiseanu 10} s150d YbIH e ler'ered
wis) JesN spuefzam Buioisal yim aduauadxe Buiseanul (0uapiyu03 ybiy) seBrewpsip sonu yead
Juasalg pue saibojouypal uonaloid-pooj piey u adusliadxs JuedIUBIS o PUE ‘U0IS0J3 [BISBO S|aA3| BBS BuIseaidul ‘Uolleziueqin
5 “(92uaplu0d Buisea.nul Aq UsALIp ‘s15e0D pue suiseq Janll Ul
x_w_x wnipaj ﬁ%\_, yby) sabewep paydsfoid ayy o 3sow juansid ued uoneidepy | Buipooly Aq pedaye ajdoad pue sasso| JIWoU0dd pasea.nu]
uoneydepe EVNT]
104 _m_urawwonmw Asty sweJawn] u_me.__w syadsoid g sanssi uoneydepy ysu Aoy
uoneidepejuaun>  uoneidepe ybiy [oAd) puan uopeydpaid aimeladway puan
£_>>_._w>m_ st £_~>> PASisIY ©ag buifig awanxj awanx3j Buiuepy
: ! ~~i < N
’ 2 =3
- sl anpai 0} . \
uopeydepe [euopippe o} [e1ualog $
uoneydepe Joj [eruazod % i Jo 9] spedul Jo s1aALp paje[ai-alewi])




— 230 —

Numerical Weather Prediction

Numerical weather prediction consists of computer models that numerically
solve the dynamical equations of the atmosphere (BAUER et al. 2015). The planet
is covered with a three-dimensional grid and the spatial derivatives are approx-
imated by using the information in the neighbouring grid boxes. By carefully
discretizing the time derivatives, the state of the atmosphere can be computed a
time step ahead into the future. Phenomena smaller than the size of the grid
boxes are “parameterized” by empirical relations. For models running at resolu-
tions of about 10 km, this is done for the following processes: turbulence, deep
convection, radiation, phase transitions of water and interactions with the topo-
graphy.

The discretized equations are then reduced to a set of numerical operations
that can be carried out on a computer. The bigger the computing power, the more
grid boxes can be computed and the higher the resolution of the model can be.
By increasing the resolution more phenomena get explicitly solved by the model
equations and one can expect that the model becomes more precise. Historically
the science of NWP has followed the progress in computing science and this has
led to a substantial improvement in the forecast skill of today’s NWP models.

Figure 2 shows the progress of the global model of the European Centre for
Medium-range Weather Forecasts (ECMWF). It depicts the so-called anomaly
correlation — the anomaly is the difference with the mean value — between the
predicted 500 hPa geopotential height — this is the height where the pressure is
500 hPa — by the model and the one obtained from the observations. It can be
seen from this figure that at three days’ lead time the model was reaching an
accuracy of 90 % around 1990, whereas the same 90 % have been reached for
five days’ lead time since 2010. One can roughly state that a decade of research
and development on climate modelling has increased the forecast skill of one-day
lead time further into the future.

The atmosphere is a non-linear system (LORENZ 1963). Small errors in the
initial conditions will grow in time until the forecast becomes unreliable. The
corresponding uncertainties are estimated by Ensemble Prediction Systems
(EPSs). EPSs compute a numerical forecast, then perturb the model and its initial
state a number of times to introduce artificial errors and run it again with these
perturbations. This delivers for each model output variable a probability distribu-
tion of the predicted variables. The spread of this distribution is an indicator of
the uncertainty of the forecast. For instance, the ECMWEF provides twice a day
an EPS with one unperturbed and fifty perturbed model runs.

The resolution of the ECMWF model is currently 8 km. This is not enough to
properly solve deep convection systems which are responsible for thunderstorms.
To go to higher resolution one relies on specialized models that run on limited
geographical areas, the so-called Limited-Area Models (LAMs). By limiting the
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domain one reduces the necessary computing resources, and one can spend the
computing power on computing more details with higher resolution.

Day 7 NHem s Day 3 NHem
500 hPa geopotential height ———— Day 7 SHem ———— Day 3 SHem
Anomaly correlation ———— Day 10NHem  =————— Day 5 NHem
12-month running mean ————— Day 10SHem  ———— Day 5 SHem

(centered on the middle of the window)
100

30 T T T T T T T U T T T T T T
1981 1983 1985 1987 1988 1891 1993 1995 1997 1998 2001 2003 2005 2007 2009 2011 2013 2015 2017

Fig. 2. — Anomaly correlation between the 500 hPa geopotential height (i.e., the height where
the pressure is 500 hPa) predicted by the global model of the ECMWF and the observations. The
thick lines represent the anomaly correlation for the northern hemisphere, whereas the thin lines
represent the one for the southern hemisphere. One notices a progressive improvement in the fore-
cast skills in the southern hemisphere, which is slowly converging to the performance in the northern
hemisphere.

The RMI is a member of the ALADIN Limited-Area Model consortium (TER-
MONIA et al. 2018a). This is an international consortium of sixteen NMSs that
develops and maintains a state-of-the-art LAM NWP system, called ALADIN
System. The consortium includes thirteen European and three North-African
countries. The ALADIN System is operationally used in each of the countries to
provide high-resolution NWP forecasts to meet their national needs. The opera-
tional model configuration runs at resolutions of the order of 1 km, which allows
to improve the realism of extreme precipitation events. The RMI runs the ALA-
DIN System on its own HPC infrastructure. The model outputs are used by the
forecasters. The output is post-processed and disseminated, for instance on the
RMI website (see figure 3 for an illustration on this).
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Fig. 3. — Limited-Area Models solve the atmospheric equations to provide
operational weather forecasts. By limiting the geographical area one can run the
model with higher resolution, as shown on the left. The model output is used by
weather forecasters to provide daily forecast. These forecasts are disseminated to
the public, for instance on the RMI website (see right-hand side).
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Climate Change Simulations

The same type of models is used for climate simulations. The main specificity of
climate models is the radiative forcing which follows the prescribed pathways as put
forth by the IPCC. Climate simulations cover more than a century; so, given the
limitations in computing power, they can only run with resolutions of about 100 km.
This means that Belgium is covered with only a few grid boxes, which is too coarse
to simulate the extreme weather phenomena mentioned above.

By using the ALADIN System, the RMI has developed a regional climate model that
can be run with spatial resolution of a few kilometers. The parameterizations are adapted
to give a better representation of the deep convective systems, thus providing details at
the so-called convection permitting scales, which are the scales at which the processes
for extreme precipitation occur. This model called ALARO-0 (DE TrOCH et al. 2013,
GIOT et al. 2016) has also been used to analyse the urban heat island effects and to down-
scale the coarser scale climate model outputs. In a recent Belgian project, COmbining
Regional climate Downscaling EXpertise in Belgium (CORDEX.be), this model was
used together with three other regional climate models run by the universities of Leuven,
Louvain and Li¢ge. The CORDEX.be project was funded by the Belgian Science Policy
Office (Belspo) and provided a set of high-resolution climate scenarios for Belgium. The
project also performed a number of impact studies (TERMONIA ef al. 2018b).

The four climate models of the CORDEX.be project have been validated with
respect to the observations from the climatological observation network of the
RMLI. To this end the models were run for the past period 1980-2010. Figure 4
shows some of the validation maps. Although the models slightly differ in the
precise quantities, they reproduce the observed spatial pattern over Belgium in a
qualitatively satisfactory manner. Subsequently, the models were run for one
hundred years in the future, until the end of the 21st century. The data were
archived and various climate change signals were computed. Figure 5 shows an
example of increase of winter precipitation by the end of the century.

Within the CORDEX.be project, scenarios were used to compute climate impact with
Local Impact Models (LIMs) for heat waves (HAMDI et al. 2016), urban-heat island
effects (LAUWAET ef al. 2015), impacts on crop growth (GoBIN 2012), impacts on iso-
prene emissions (BAUWENS ef al. 2018) and on storm surges and wave heights for the
North Sea (see the project’s website, http://www.euro-cordex.be/, for more detailed infor-
mation). By focusing on the end of the 21st century using a scenario with the largest
greenhouse gas emissions (RCP8.W5), the most prominent impacts of climate change
for Belgium were identified. They include: (i) a strong increase in the number of tropical
days and heat wave days (e.g., an increase of a factor 3 to 4 in the number of heat waves
in the Brussels urban environment); (if) an increase in winter precipitation and long
extremely wet periods; (iii) an intensification of summer precipitation extremes, espe-
cially in urbanized areas (e.g., the precipitation intensity with hourly time scale and
ten-year return period may increase up to 100 %); (iv) an increased variability for bio-
mass production and yields; and (v) severely reduced winter snow height maxima.
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[ Average winter precipitation (1980-2010) ]
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Fig. 4. — Validation of winter precipitation for the four regional climate models used in the
CORDEX.be project as described by TERMONIA et al. (2018b) compared to the climatology from the
RMI observation network.

‘ Average winter precipitation change ‘
following RCP8.5 period 2070-2100
ALARO-0 model COSMO-CLM KUL model

Average: 27 %
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Average: 15 %
Fig. 5. — Climate change of winter precipitation in Belgium according to

three of the CORDEX.be climate models. All three models give climate change
signals of the same order of magnitude.
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The atmospheric dynamics is a complex system. Explaining the scientific
basis of climate change, including the related scientific uncertainties, is often a
challenge. By relying on ensembles of climate model runs provided by climate
research centres worldwide, one can quantify the uncertainties. Based on those
uncertainty estimates, climate change signal can be separated from the noise.
Such a quantification was done for Belgium within the CORDEX.be project by
KU Leuven (see table in TERMONIA ef al. 2018b). A similar study was performed
in northwest Ethiopa by VAN VOOREN et al. (2019) in a collaboration between
the RMI and UGent and has shown how parameterization of the orography can
impact the simulated precipitation.

The second challenge of science communication is to properly explain what
the impact numbers mean in practice. Since climate change impact is felt through
similar extreme weather events as forecasted today, the CORDEX.be project has
disseminated its results on the climate change impacts on heat waves in a format
that is similar to the one used for weather forecasts. Figure 6 shows one of the
future heat waves simulated by the ALARO-0 model under the RCP8.5 scenario,
presented in the format of a weather forecast as it would be communicated on
the RMI website. The heat wave takes place in 2063 and lasts for thirteen days.
However, a word of caution should be given here: the forecasted event will not
happen literally on 6 July 2063. In climate simulations the model output does not
correspond to the real weather at the exact place and time, but the long-term
climate runs reproduce the climate, including the amplitudes and the occurrence
frequencies of weather phenomena. Nevertheless, this kind of presentation dem-
onstrates climate change in a more tangible way than the climate change impact
statistics do.

The ALARO-0 model of the RMI has been used recently over Central Asia.
For instance, Cal et al. (2019) used this model to study the circulation within the
Mountain-Oasis-Desert System (MODS) in the region. During the thirty-one
summers (1986-2016), two simulations were performed: (i) a control simulation
(CTL) where the land use/cover presents the current situation of the oasis areas
in the study region, and (i7) a simulation where the oasis areas were replaced by
the surrounding desert (NO_OASIS). The difference of the two runs is used to
detect the potential effect of oasis expansion on summer precipitation. The result
is shown in figure 7 indicating that the presence of the oasis is responsible for
an increase of the total summer precipitation with quantities up to about 40 mm.

Currently, the ALARO-0 model is being used in the H2020 AFTER project
(Kotova et al. 2018) to study climate change impact over Central Asia. This
project has similar goals and structure as the Belgian CORDEX.be project. First,
a limited number of climate runs are being performed over the region of interest
in Central Asia, following the IPCC ARS prescribed RCP scenarios. The models
used are the REMO model of the HZG-GERICS climate centre of Germany and
the ALARO-0 model of the RMI, the latter being exactly the same model as the
one used for the CORDEX.be project. The guidelines of the CORDEX project
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are followed. Considerable attention will be paid to model validation and bias
correction. Subsequently, the outputs of these models will be used to run LIMs
for biomass production, similarly as done for Belgium in the CORDEX.be pro-
ject. The project will also include a stakeholder dialogue. Since the CORDEX-
Central Asia domain covers the Xinjiang region, these scenarios will be used
later to study the MODS effect under a changing future climate.

° Verwachting 5 juli ﬁ«

Kust
Dostende, Knokke-Heist,
Nieuwpoort, De Panne, ...

Centrum

Brussel, Antwerpen,
Gent, Leuven, Mechelen,
Kortrijk, Luik, Charleroi,
Mijvel, Namen, Bergen, ...

Kempen
Turnhout, Hasselt, Genk,
Heist-op-den-Berg,
Brasschaat, Mol, ...

Ardennen
NeufChateau, Marche-en-
Famenne, Bastogne, ...

Belgisch
Lotharingen

Arlon, Virton, .

Fig. 6. — One of the future heat waves found within the ALARO-0 RCP8.5 simulation, presen-
ted here in the format of a weather forecast as it could be communicated on the RMI website.



— 237 —

40 85°E 86° E 87°E 88° E 89°
=

35 %1 (a)
~ ¥ Altitude (m)

w E 300
= 800

25 § 1300
5 2800
[&]

20 &2 OZ_ 4300
- — wy
Q <

15 o
=
=

{10 S
g=3
Q

52 =z
(=) o

3
0
-5

Fig. 7. — Total averaged summer precipitation during the period 1981-2016
computed from the difference between the model simulation with oasis and the
model simulation without oasis. The oasis considerably increases the total precip-
itation with up to about 40 mm. The oasis area is indicated by the grey line. The
coloured lines indicate the height contour of the mountains.

Conclusion

In 2009, the World Meteorological Organization (WMO) held the third World
Climate Conference (WCC-3) to set up a global network for climate services.
Climate services are services that allow to disseminate climate information to the
public and to specific socioeconomic users. This requires a strong partnership
between the providers of climate services and the stakeholders. Climate services
are needed for policy making and sustainable development by providing reliable
climate projections and climate information. WCC-3 led to the creation of several
climate centres worldwide. In Belgium such a climate centre does not exist yet.
Instead, the Royal Meteorological Institute has started to develop its own climate
services in strong partnership with universities.

This paper illustrates how longstanding advances in weather forecast by
means of numerical weather prediction models have helped the RMI to build
climate change scenarios for Belgium. This work was done in close collaboration
with climate modelling groups at universities. Climate data are now archived and
may serve to develop further climate services.
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