
269Geographica Pannonica • Volume 23, Issue 4, 269–276 (December 2019) – Special Issue

Gwenn CugnonA, Steven CaluwaertsB, François DuchêneA, Rafiq HamdiA, Piet TermoniaA,B,  
Sara TopB,C, Thomas VergauwenB, Bert Van SchaeybroeckA*

Received: November 27, 2019 | Revised: December 25, 2019 | Accepted: December 26, 2019
DOI: 10.5937/gp23-24214

Climate Sensitivity to Land Use Changes  
over the City of Brussels

A	 Royal Meteorological Institute of Belgium, Brussels, Ringlaan 3, 1180 Brussels, Belgium; gwcugnon@hotmail.com, francois.
duchene@meteo.be, rafiq.hamdi@meteo.be, termonia@meteo.be, bertvs@meteo.be

B	 Department of Physics and Astronomy, Ghent University, S9, Krijgslaan 281, 9000 Ghent, Belgium; steven.caluwaerts@UGent.
be, thomas.vergauwen@UGent.be

C	 Department of Geography, Ghent University, Ghent University, S8, Krijgslaan 281, 9000 Ghent, Belgium, Sara.Top@UGent.be
*	Corresponding author: Bert Van Schaeybroeck; e-mail: bertvs@meteo.be

ISSN 0354-8724 (hard copy) | ISSN 1820-7138 (online)

Abstract

Prompted with the ongoing and projected climate change, a wide range of cities have committed, not 
only to mitigate greenhouse gas emissions but also to implement different climate change adaptation 
measures. These measures serve to ensure the wellbeing of the urban population. In practice, howev-
er, the planning of realistic adaptation measures is a complex process. Prior to starting such endeavor, 
it may therefore be useful to explore the maximum potential benefit that can be gained through adap-
tation measures. In this work, simple, extreme yet realistic adaptation measures are proposed in terms 
of changes in albedo and vegetation fraction. The impact of these land-use scenarios is explored by use 
of the land surface model SURFEX on the summer climate in terms of heat waves and the urban heat 
island for the city of Brussels. This is done for different periods in the future using the greenhouse gas 
scenario RCP8.5.

Keywords: climate change; adaptation; land use; urban climatology; scenarios

Introduction

Impacts on society of the ongoing global warming are 
already apparent, for instance through the increase 
of extreme events (Masson-Delmotte et al., 2018). 
The European heat wave in 2003, for example, result-
ed in an excess mortality of 70.000 deaths (Robine et 
al. 2008). The increase in average temperature over 
most European regions exceeds the one of the glob-
al average and this is projected to continue (Jacob et 
al., 2018). Additionally, heat waves will become long-
er and more intense (Jacob et al., 2014; Guerreiro et al., 
2018). Among all weather-related hazards, heat waves 
are projected to have the largest impact on human 
lives over Europe (Forzieri et al., 2017). In cities, tem-
perature extremes are known to be stronger given the 

Urban Heat Island (UHI) i.e. the phenomenon where 
the average temperature within the city is higher than 
the surrounding countryside (Rosenzweig et al., 2018). 
The UHI is also often found to be more intense during 
heat waves (Zhou & Shepherd, 2010; for Brussels see 
Hamdi et al., 2016) and is largest at night. This leads to 
elevated health risks as the high night-time tempera-
tures prevent people in an urban environment to re-
cover from the intense day-time heat stress. For Bel-
gium, which has a high degree of urbanization (See 
Map 3.4c in EEA 2016), climate-change impacts for 
the urban environment have been studied in Wout-
ers et al. (2016), for the city of Antwerp in Martinez et 
al. (2018) and for Brussels in Hamdi et al. (2014, 2015, 
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2016) and Lauwaet et al. (2016). Moreover, urban mon-
itoring networks to investigate the urban climatolo-
gy have recently been established in the city of Ghent 
(Caluwaerts et al., 2019).

The signing of the Paris Agreement has fostered the 
engagement of cities worldwide to introduce sustain-
able climate-resilient solutions and to organize them-
selves in city action groups (see Annex 1.1 in Rosen-
zweig et al., 2018). For instance, in Europe around 
10.000 local authorities have signed the Covenant of 
Mayors. Thereby they actively adopt an integrated ap-
proach to climate change and are required to devel-
op concrete plans for Sustainable Energy and Climate 
Action. 

The establishment of practical adaptation measures 
for cities, however, requires an interactive and itera-

tive co-development with multiple city actors from 
different sectors and is therefore very complicated (e.g. 
Masson et al, 2013, Rosenzweig et al., 2018). It is there-
fore worthwhile to estimate beforehand the potential 
gain of different adaptation measures. To this aim, two 
types of model experiments are proposed here: one 
vegetation and one albedo experiment. Their impact 
on the local summer climate and during heat waves 
are explored for different periods in the future follow-
ing the greenhouse gas scenario RCP8.5. In practice 
a change of albedo in urban areas can be established 
by a change of the building and roof colors (Oleson et 
al, 2010). The vegetation scenario, on the other hand, 
can be implemented by the widespread introduction 
of parks and trees (Rosenzweig et al., 2018; De Munck 
et al., 2018). 

Data and Methods

Climate data generation
Climate projections over Brussels have been per-
formed with a horizontal resolution of 1-km. There-
fore the land surface model SURFEX (SURface Ex-
ternalisée) was used in off-line mode forced with 
atmospheric forcing data from the regional climate 
model ALARO-0 (Termonia et al, 2018a). This forc-
ing data with 4-km resolution spans a period from 
1976 until 2100 following the greenhouse concentra-
tions of the IPCC scenario RCP8.5 (Termonia et al., 
2018b). This simulation was obtained by dynamically 
downscaling the ALARO-0 simulations over the Eu-
ropean (EURO-CORDEX) domain, as validated in 
Giot et al. (2015). 

The presented land-use scenarios were implemented 
in the last downscaling step to 1-km resolution using 
SURFEX that includes four surface types (nature, city, 
sea and lake) within each grid box and associated phys-
ics parameterization schemes. The city parameteriza-
tion scheme is the Town Energy Balance (TEB) model 
which is an urban canopy model (Masson, 2000). The 
unperturbed land-use coverage is taken from the glob-
al ECOCLIMAP database (Masson et al., 2003) for a re-
gion of 30 km by 30 km over Brussels (see Figure 1). The 
accuracy of this dataset and its impact on the simula-
tion of the urban climatology was recently explored in 
Top et al. (2019) for the city of Ghent. Further details of 
the specific downscaling setup can be found in Termo-
nia et al. (2018c) and Helsen et al. (2019). 

Comparable downscaling efforts with SURFEX over 
Belgium were performed and validated in Hamdi et 
al. (2015) for Brussels and in Caluwaerts et al. (2019) for 
Ghent. The current setup, however, does not use daily re-
starts of the ALARO-0 model and SURFEX is not cou-
pled inline to the (4-km) ALARO model. As shown in 

Hamdi et al. (2014) the lack of this atmosphere-city cou-
pling results in an underestimation of the UHI effect.

Although the climate simulations span the time pe-
riod 1976-2100, the analysis will focus on the period 
2010-2100 only by comparing the impact between dif-
ferent land-use scenarios. 

Land-use scenarios
Prior to introducing the land-use scenarios it is impor-
tant to consider the unperturbed land use character-
istics over Brussels as shown in Figure 1. The different 
land-use types are reduced to three major categories: 
dense urban, sub-urban and rural tiles. The first two 
correspond to the 17 dark-red (“dense urban”) and 250 
light-pink (“temperate sub-urban”) tiles in Figure 1, 
respectively. The rural tiles comprise the last six tile 
types in the caption of Figure 1.

The scenarios presented further only target the ur-
ban and sub-urban tiles and all results are averages 
over the concerned tiles. Their main characteristics 
(impermeable fraction, vegetation fraction and build-
ing heights) are tabulated in Table 1. The first exper-
iment involves a change in albedo in the urban and 
sub-urban regions while the second vegetation sce-
nario introduces a modified fraction of vegetation in 
the dense urban environment only. 

Table 1. Land-use characteristics of the dense urban and 
sub-urban tiles

Land-use feature Dense Urban tiles Sub-urban tiles

Impermeable 
surfaces

90% 50%

Vegetation 10% 50%

Building height 30 m 10 m
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Albedo scenario
The albedo scenario involves a change in albedo of 
streets, walls and roofs that are used in the imperme-
able surfaces for both the urban and sub-urban re-
gions. The default or unperturbed albedo values are 
8%, 25% and 15% for streets, walls and roofs, respec-
tively. In Table 2 we tabulate the values used for the 
three scenarios: Albedo min, Albedo av and Albedo 
max. The maximal values (around 80%) are extreme 
but still realistic. As aforementioned, these extreme 
values are chosen to probe the sensitivity of the UHI 
with respect to changes in the land-use characteris-
tics. 

Vegetation scenarios
While the vegetation fraction of the unperturbed 
dense urban tiles is by default 10%, two vegetation sce-
narios are proposed with increased fraction. More 
specifically the FractVeg 0.3 and FractVeg 0.5 scenar-
ios increase the fraction to 30% and 50%, respectively 
as tabulated in Table 3. 

Results

Results of the reference runs
Figure 2 shows the increase in the average yearly tem-
perature for the urban, sub-urban and rural environ-
ment of Brussels for the years 2010-2100 following the 
RCP 8.5 scenario. The overall temperature increase of 
3°C to 4°C for this scenario is in line with projections 

from global, regional and other local downscaling ef-
forts (Termonia et al., 2018c). Average temperatures 
in the dense urban environment are systematical-
ly higher than those in the sub-urban areas which, 
in turn, systematically exceed those in the rural ar-
eas. This shows the existence in the model of the ob-

Figure 1. Downscaling methodology for the city of Brussels and land-use characteristics at 1-km scale 
as used for the climate runs within SURFEX in the urban scenarios (right figure taken from Hamdi et 

al., 2016). See Map 3.4c in EEA (2016) for degree of urbanization in and around Belgium

Table 2. The albedo in the SURFEX model for the street, 
walls and roofs for the different albedo scenarios

Albedo 
experiment

Streets Walls Roofs

Initial 8% 25% 15%

Albedo min 20% 40% 25%

Albedo av 50% 62% 55%

Albedo max 80% 85% 85%

Table 3. The vegetation fraction of the dense urban tiles 
for the default configuration and two vegetation scenarios

Vegetation experiment
Vegetation fraction dense 

urban tiles

Initial 10%

FractVeg 0.3 30%

FractVeg 0.5 50%
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served urban heat island effect over Brussels (Hamdi 
et al., 2014). 

The summer temperature difference of the dense 
urban and sub-urban environment with the rural 
area is shown in Figure 3 for three periods: 2010-2040, 
2040-2070 and 2070-2100. It is clear that the differ-
ences among the different periods are very small and 
similar findings appear when studying the different 
adaptation scenarios. The invariance of the UHI with 
respect to the time period might, however, be a con-
sequence of lack of two-way urban-atmosphere cou-
pling in the SURFEX forcing data (Hamdi et al., 2014).

There is, on the other hand a marked difference in 
the UHI between the dense urban and the sub-urban 
region, especially at night.

For the heat wave in this work, we use the defini-
tion from the Belgian Public Health authorities. Ac-
cording to this definition, a heat wave is a period of 
at least three consecutive days, with an average dai-
ly minimum and maximum temperatures that exceed 
18°C and 30°C, respectively. The constraint on the 
minimal temperature in this health-related definition 
stems from the fact that people suffer most from heat 
waves featuring high night-time temperatures. 

Figure 2. Average yearly temperature for rural (grey), sub-urban (orange) and dense urban (blue)  
locations over Brussels for the years 2010-2100 following the greenhouse gas scenario RCP8.5

Figure 3. Diurnal cycle (hours UTC) of the summer Urban Heat Island (UHI). The UHI is 
obtained by subtracting the temperature of the dense urban (full line) or sub-urban (dashes 

and dots) environment with the temperature of the rural environment

Figure 4. The number of heat waves for the three land-use types and for the 
periods 2010-2040, 2040-2070 and 2070-2100 following the RCP8.5 scenario
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In line with the overall increase in temperature un-
til the end of the century as shown in Figure 2, there is 
also a strong increase in the number of heat waves, es-
pecially in the period 2070-2100. This is shown in Fig-
ure 4 for the dense urban, sub-urban and rural areas. 

Results for the Albedo scenarios
Figure 5 shows the impact of the albedo increase of 
the dense urban and sub-urban environment on the 
diurnal cycle of the summer UHI for the urban and 

sub-urban environment for the period 2010-2040. 
Note that results for the periods 2040-2070 and 2070-
2100 were practically identical. As expected, the larg-
est impact of the albedo increase concerns the day-
time UHI as a consequence of the increased incoming 
radiation. While the maximal UHI reduction in the 
dense urban environment is 0.46°C (dashed orange 
line), the reduction in the sub-urban areas is 0.55°C. 
The difference can be attributed to the dense urban 
environment where, compared with the sub-urban ar-
eas, 1) there is an enhanced heat trapping in the ur-
ban canopy and 2) there is more conversion to sensible 
as opposed to latent heat of the (remaining) incom-
ing radiation.

Results for the Vegetation scenario
While a change in albedo mostly affects the day-time 
UHI in the perturbed dense urban environment, the 
opposite is true for the increase in vegetation fraction. 
As seen in Figure 6, there is a strong reduction in the 
night-time UHI of 0.47°C following the VegFraction 
0.5 scenario and only a slight UHI increase during day 
time. The reduction of the night-time UHI is logical 
given that, after greening, the dense urban tiles will 
more strongly resemble the rural tiles.

Scenario impacts on the heat waves
While, at least in the current model setup, the UHI is 
not affected by the time period considered, the back-
ground temperatures will be steadily increasing with 
time following the RCP8.5 scenario and reach 3°C to 
4°C at the end of the century. Therefore, as compared 
to this increase in background temperature, a local re-
duction of temperature with 0.5°C is a minor contri-
bution. This effect can be quantified by the use of the 
fraction of avoided heat waves upon implementation 
of a certain adaptation measure. These are shown in 
Figure 7 for the albedo scenarios (left) and the vegeta-
tion scenarios (right).

Figure 5. Diurnal cycle (hours UTC) of the summer Urban Heat Island (UHI) for different 
albedo scenarios for the period 2010-2040

Figure 6. Diurnal cycle (hours UTC) of the summer Urban Heat Island (UHI) in the dense urban 
environment for different Vegetation scenarios for the period 2010-2040
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While the fraction of avoided heat waves is up to 
35% for the period 2010-2040 and even up to 50% for 
2040-2070 (both upon following the Albedo max sce-
nario), there seems to be a strong decline for the peri-

od 2070-2100, except for the Albedo max scenario in 
the sub-urban environment. The effect of the vegeta-
tion adaptation on the heat wave reduction becomes 
negligible for the period 2070-2100.

Discussion

Although an increase in the albedo of streets and walls 
in an urban environment will generally reduce the UHI 
effect, it may have detrimental effects on human com-
fort during day-time. Indeed upon increase of the wall 
and street albedo a person residing outside will be sub-
ject to increased shortwave radiation, thereby strong-
ly affecting the comfort level (Erell et al., 2014). Note 
that this is not the case for the albedo of the roofs. On 
the other hand, the day-time outdoor human comfort 
is generally improved by shading when trees are in-
troduced. The investigation of such effects are impor-
tant but are beyond the scope of this sensitivity study 
(Milošević et al, 2017; Di Napoli et al., 2018).

Each scenario had a maximal effect of reducing the 
UHI by around 0.5°C. The results of Figs. 5 and 6 show 
that an albedo increase strongly reduces the day-time 
UHI, while an increase of the vegetation fraction re-
duces the night-time UHI. The vegetation scenario 
can therefore be considered to have the largest impact 

on health as it allows people in an urban environment 
to cool down at night. 

The current investigation explores the sensitivity 
of the urban climate with respect to simple land-use 
change scenarios. However, further in-depth studies 
are required in order to improve the impact quanti-
fication and uncertainty estimation. More specifi-
cally, additional analysis should preferably focus on 
downscaling efforts using data from multiple region-
al climate models that include atmosphere-city inter-
actions. Nonetheless, the results presented here, al-
though limited in scope, indicate that the integration 
of adaptation measures by city authorities could lead 
to substantial reduction of the urban heat island and 
heat waves that in turn will reduce the climate change 
impact on the well-being of the urban population. 
The introduction of green infrastructure provides the 
most realistic adaptation scenario for sustainable ur-
ban development (Rosenzweig et al., 2018).

Conclusions

Two types of land use scenarios are proposed to inves-
tigate the maximal potential on the urban climate in 
the period 2010-2100 following RCP8.5 for simple ad-
aptation measures for the city of Brussels. Since the 
urban population mostly suffers from a wide range of 
impacts during warm and especially heat-wave peri-

ods, we focus mostly on the summer period and per-
form a separate investigation for the impact during 
heat waves. 

First, a change of albedo in urban areas that can be 
established by a change of the building color, reduces 
the summer day-time UHI up to 0.5°C. An increase of 

Figure 7. Fraction of avoided heat waves (%) for different time periods and for different albedo scenarios (left) and 
vegetation scenarios (right), all following the RCP8.5 scenario
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the vegetation up to 50% in the dense urban region, on 
the other hand, reduces the night-time UHI by 0.5°C. 
Both were found to be independent on the period con-
sidered.

The fraction of avoided heat waves, on the other hand, 
strongly depends on the climate period. For the peri-

ods 2010-2040 and 2040-2070, the reduction can be up 
to 35% and 50% respectively, mostly upon strongly in-
creasing the albedo. However, the fraction of avoided 
heat waves almost always declines for the period 2070-
2100 (as compared to the 2040-2070 period) due to the 
overall increase in background temperature.
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