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ABSTRACT

A mesoscale meteorological model containing a detailed land surface model is used to assess the con-
tribution of urban heating to the temperature record of the national recording station of Belgium in Uccle,
near Brussels. The Advanced Regional Prediction System (ARPS) was applied over a domain of 60 km �
60 km with a horizontal resolution of 1 km. Four meteorological episodes were selected, and, for each of
these, the model was integrated using two different land cover situations. The first consisted of a detailed
reconstruction of the early nineteenth-century setting of Brussels and its wide surroundings, while the
second corresponded to the present-day land cover. Since the nineteenth century, when the recording
station of Uccle was established, a major land cover change from an agricultural area to a built surface has
taken place. The temperature difference between the simulations at the site of Uccle was assumed to
represent the urban effect on the site since the beginning of recording. The urban heat island (UHI) of
Brussels was found to have a significant impact on the temperature record in Uccle. The urban–rural
temperature difference was found to build up during the evening, gradually decreasing during the night and
becoming zero during the day. By analyzing the surface energy balance it was revealed that the UHI is
mainly caused by a greater storage of energy in the urban fabric during the day and a release of this heat
in the evening. The UHI had a significant average impact on the Uccle temperature record during two of
the four selected weather situations. The effect amounted to 0.77°C in a cloudy weather situation with
westerly winds and to 1.13°C in a clear and calm weather situation.

1. Introduction

As many temperature recording stations across the
world have been affected by a gradual expansion of
neighboring cities during their recording history, a
warming bias due to the development of the urban heat
island (UHI) has entered these time series. Such arti-
facts hamper an accurate estimation of regional climate
change. Although UHIs do not substantially influence
temperatures on a global (Houghton et al. 2001) or

continental scale (Peterson 2003), they do affect local
temperature records.

The assessment of the impact of urban heat on tem-
perature time series is commonly done by comparing
temperature time series of rural and urban recording
stations. However, the main drawback of using such an
observational approach is that it is very difficult to
separate the real urban signal from other local signals in
the temperature record, such as differences between
stations in topography, soil characteristics, and other
local meteorological features. By applying a modeling
approach, these local variations can be properly ac-
counted for and the urban signal itself can be isolated.
Modeling of the UHI has a history going back to the
1960s (Myrup 1969) and has since been applied many
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times (e.g., Khan and Simpson 2001; Tong et al. 2005).
However, despite the extensive body of research, mod-
eling of the UHI has to our knowledge never been
applied to detect an urban signal in observed tempera-
ture time series.

In this paper, a new methodology is presented to
study the influence of UHI development on tempera-
ture recordings, countering the drawbacks of an obser-
vational approach by utilizing the advances made in
UHI modeling. The method consists of evaluating the
simulated temperature difference of two model integra-
tions initialized with different land cover patterns, but
otherwise identical initial and boundary conditions.

By way of example, this method is applied to the
temperature record of Uccle, near the Brussels Capital
District (BCD) in Belgium. The Royal Meteorological
Institute (RMI) of Belgium was set up in 1833 in the
small city of Brussels and was relocated in 1890 to
Uccle, which is 6 km away. The temperature time series
was corrected for the relocation and homogenized to
the current measurement techniques and location.
Since the nineteenth century, however, a major land
cover change has occurred in and around the city. A
rapid expansion of the capital has taken place during
the last 150 yr. While the population of the present
BCD was only 140 000 in 1831, the number of inhabi-
tants had risen to about 1 million in 2004. This caused
the built-up area to increase from 2.9% in 1834 to
77.8% in 2003. At the same time, a gradual increase in
temperatures has been observed at the Uccle recording
station, showing that average daily temperatures have
increased some 1.4°C since 1873, but mainly after 1961
(Yan et al. 2002). Past research has focused on empiri-
cal evidence for the heat island contamination in this
temperature record (Vandiepenbeeck 1998).

The remainder of this paper is organized as follows:
in section 2, the model is described, including aspects of
the specification of the terrain parameters characteriz-
ing the historical (i.e., pre–nineteenth century, also re-
ferred to as preindustrial) versus the present situation.
Section 3 presents the results of simulated temperature
differences between the historical and present situa-
tions, thus isolating the UHI effect, and conclusions are
presented in section 4. It should be noted that because
the method is demonstrated only for a few weather
episodes, no representative “urbanization” corrections
for the temperature time series at Uccle can be derived
from our simulations. Rather, the simulations described
below are meant as an illustration of the methodology.

2. Materials and methods

The numerical experiment used in this study is sche-
matically depicted in Fig. 1. A mesoscale nonhydro-

static model, the Advanced Regional Prediction System
(ARPS; Xue et al. 2000, 2001), was first integrated us-
ing the contemporaneous land cover setting as input
(this simulation will hereafter be referred to as urban).
Second, the model was integrated with a land cover
setting similar to the one at the time the recording sta-
tion was set up about 170 yr ago, but with otherwise
identical initial and boundary conditions as in the first
run (the latter will be referred to as the rural simula-
tion). The difference in simulated temperatures of both
model integrations is assumed to be the UHI intensity
increase since the establishment of the Uccle recording
station. By calculating the temperature difference for
the grid cell containing the location of the recording
station, one obtains an estimate of the UHI contami-
nation in the local temperature record. It is the first
time modeling of the UHI is applied for this purpose.

The methodology was applied to the BCD in Bel-
gium in order to make an assessment of the contribu-
tion of urban heating to the temperature record at the
national recording station of Belgium for four selected
atmospheric regimes. The national recording station of
the RMI [World Meteorological Organization (WMO)
code 06447] is situated some 6 km south of the center of
the capital, in the Uccle suburb, at 50.80°N and 04.35°E,
at 104 m above sea level. The temperature time series at
the Uccle recording station has a long history, dating to
1833, and was homogenized for different sources of er-
rors but not for urbanization of the station environ-
ment. These sources of errors include a relocation of
the recording station in 1890, changes in the exposures
of the thermometers, and changes in measurement in-
struments. The methodology of homogenizing the time
series is rigorously described in Sneyers (1981) and De-
marée et al. (2002).

FIG. 1. Diagram of the numerical experiment designed to
address the research objectives.
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a. Description of the model

The ARPS is a nonhydrostatic mesoscale meteoro-
logical model developed at the University of Oklahoma
(Xue et al. 2000, 2001). The finite-difference equations
of the model are discretized on the Arakawa C-grid,
employing a terrain-following coordinate in the vertical
direction. Advection is solved with a fourth-order cen-
tral differencing scheme and leapfrog time stepping.
Turbulence is represented by the 1.5-order turbulent
kinetic energy (TKE) model, and the Sun and Chang
(1986) parameterization for the convective boundary
layer. ARPS contains detailed parameterizations for
cloud microphysics, cumulus convection, and radiation
transfer. The model has nesting capabilities, allowing
large-scale atmospheric features to enter the domain
through the lateral boundaries. A detailed land surface
scheme (De Ridder and Schayes 1997) was incorpo-
rated into ARPS to calculate the energy and water
fluxes between the land surface and the atmosphere,
including the effects of vegetation and soils on the par-
titioning of incident radiant energy between the turbu-
lent fluxes of sensible and latent heat as well as the
storage heat flux. To better represent urban surfaces,
the land surface model was modified by including a
temperature roughness parameterization for “bluff-
rough” surfaces. Analyzing data from a detailed experi-
mental campaign, Voogt and Grimmond (2000) found
that the thermal roughness length over a city district in
Vancouver, British Columbia, Canada, was well repre-
sented by Brutsaert’s (1975) relation:

ln�z0m

z0h
� � 2.48Re*

0.25 � 2, �1�

where Re* � u*z0m/� is the roughness Reynolds num-
ber, � is the kinematic viscosity of air, and z0m and z0h

are the roughness lengths for momentum and heat, re-
spectively. This expression applies to surfaces consist-
ing of bluff-rough (solid) elements representative of
building arrays, as opposed to permeable-rough (po-
rous) obstacles that are associated with homogenous
vegetation (Garratt 1994). Recently, the use of (1)
within ARPS was successfully tested by comparing
simulated surface temperatures with values observed
with the Advanced Very High Resolution Radiometer
(AVHRR) instrument onboard one of the National
Oceanic and Atmospheric Administration (NOAA)
satellite platforms (De Ridder 2006). Table 1 shows the
values for albedo, emissivity, and roughness length for
momentum as used in the model run for all land-use
categories.

The ARPS model was applied using one-way grid
nesting with three levels. Data from the global opera-

tional model operated by the European Centre for Me-
dium-Range Weather Forecasts (ECMWF) were used
as initial conditions and as 6-hourly lateral boundary
conditions for the model run with a 16-km grid spacing
and a domain size of 960 km � 960 km. Within this
domain, a smaller domain covering 240 km � 240 km at
a 4-km resolution was nested, and within the latter, a
domain of 60 km � 60 km centered on Brussels with a
resolution of 1 km was nested. A map with the model
domains is shown in Fig. 2. In all simulations, 35 levels
were used in the vertical with a spacing of 25 m near the
surface, increasing to 1 km near the upper-model
boundary, which was located at a 15-km altitude. The
model was integrated using time steps of 40, 15, and 6 s
for the three nesting levels, respectively.

b. Land surface data

For the urban run, Coordination Information Envi-
ronment (CORINE) land cover data were used (Hey-
mann et al. 1994) for both the domains, with a 4-km and
a 1-km resolution. For the largest nesting domain a data
gap occurs over Switzerland, so the Pan-European
Land Cover Monitoring (PELCOM) digital land cover
maps were used instead (Mucher et al. 2000). The
CORINE land cover data are available on a 250-m
grid that was aggregated to the 1-km model grid. The
PELCOM data are at a 1-km resolution. The land cover
types contained in these datasets were aggregated into
nine classes to be used as input in the ARPS model:
water, continuous urban fabric, discontinuous urban
fabric, industry and airports, pasture, crops, forests,
perpetual snow/ice, and shrubs and barren land.

For the rural run, the land cover for the 1-km domain
was derived from the Ferraris maps (Bibliothèque Roy-
ale de Belgique 1965), which were developed in 1776.
The same land cover as that used for the urban run was
used for the larger domains. Figure 3 shows both the
urban and the rural land cover situations for the inner

TABLE 1. Surface parameter values as a function of land cover
type (numbers as in Fig. 3): albedo (�), emissivity (	), and rough-
ness length for momentum transfer (z0m). More details regarding
these parameters are provided in De Ridder and Schayes (1997).

Land cover � 	 z0m (m)

0 Water 0.05 0.99 0.0001
1 Urban 0.12 0.95 1.5000
2 Suburban 0.15 0.95 0.5000
3 Industrial 0.15 0.95 0.3000
4 Grass 0.20 0.98 0.0100
5 Crop 0.20 0.98 0.0100
6 Forest 0.15 0.98 1.2000
7 Snow/ice 0.70 0.98 0.0010
8 Shrub 0.15 0.98 0.1000
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grid. It can clearly be seen that the built area in the
rural run is much smaller than it is in the urban run. The
forested area, somewhat southeast of the city, is more
extensive in the rural run, but the most important dif-
ference is the much more extensive agricultural area
with crops and pastures, which, in the urban run, are
replaced by discontinuous urban fabric and industries.
Since the nineteenth century, a conversion of mainly
arable land to a built surface occurred.

The land surface scheme also requires information
about the percentage of green area within each grid
cell. For the urban simulation, this was provided using
the normalized difference vegetation index (NDVI)
from Satellite pour l’Observation de la Terre (SPOT)
vegetation satellite imagery, with a resolution of 1 km,
using the following relation:

� �
NDVI � NDVImin

NDVImax � NDVImin
, �2�

where 
 is the percentage of green vegetation cover for
a given grid cell, NDVI is the index value for the con-

sidered grid cell, and NDVImin and NDVImax are the
minimum and maximum values, respectively, for the
NDVI, which were identified from the satellite image
itself. Obviously, no satellite NDVI data are available
for the rural run, so the specification of this parameter
for that period is problematic. To tackle this, the spatial
distribution of the variable 
 was modeled using an
image-processing technique. The basic idea underlying
the modeling of the vegetation percentage 
 is the re-
quirement that the statistical distribution of 
 values
for a given land cover type (e.g., pasture) remains un-
changed between the preindustrial and the current pe-
riods. Specifically, for the preindustrial period, each
surface grid cell was assigned a 
 value that was
sampled randomly from a distribution of values ob-
tained for the current-day situation. This random sam-
pling, of course, introduced unrealistic small-scale spa-
tial noise (“speckle”). To remove the speckle, a Lee
(1986) filter algorithm was applied on the maps con-
taining the variable 
. However, the Lee smoothing
operation alters the statistical distribution of the vari-

FIG. 2. Diagram depicting the spatial domain used for the simulations with the ARPS model.
(top left) Nested domains of the runs with 16-, 4-, and 1-km grid spacing. (inset) The position
of the smallest nested domain with 1-km grid spacing (gray area) within Belgium.
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able 
, removing the higher and lower values. There-
fore, in the final step, a correction was made by apply-
ing a sharpening filter (Jain 1989), which enhances the
contrast among neighboring grid cells but preserves the
spatial coherence obtained with the Lee filter.

Another important surface-related aspect is the spa-
tial distribution of anthropogenic heat. This term in-
cludes all heat emitted by human activities: heat release
from traffic, heating of industrial and residential build-
ings, and industrial processes, among others, contribute
to the urban energy balance. Anthropogenic heat can
significantly contribute to the surface fluxes in densely
populated cities (Landsberg 1981; Klysik 1996; Taha
1997; Ichinose et al. 1999; Khan and Simpson 2001;
Sailor and Lu 2004; Offerle et al. 2005). Because no
maps or digital files containing anthropogenic heat re-
lease on a 1-km grid for a domain of 60 km � 60 km
around Brussels are available, a modeling approach
was followed to generate these data, as explained in the
appendix. The anthropogenic heat release for the rural
run was assumed to be zero, as energy consumption in
Belgium was less than 2% in 1830 compared with today
(Ministère de l’Intérieur 1852).

c. Synoptic weather data

Boundary conditions for the outer-nested domain
were obtained from the global operational model of the

ECMWF. Four weather episodes, each of seven days’
duration, were selected to test our methodology. The
weather episodes were chosen for their contrasting
wind regimes and weather situations, in order to cover
a broad range of possible effects of the UHI on the
temperature record at the Uccle station. Moreover, the
selection of the weather periods was based on the per-
sistence of the weather regime during several days in
order to isolate the impact of a single circulation regime
for each of the periods. It was assumed that for differ-
ent wind directions the influence of the UHI on the
recording station southward of the city would be differ-
ent. Typical episodes representing northerly circula-
tion, westerly circulation, southerly circulation, and
calm weather were selected:

1) 1–7 December 1999: Westerly circulation with
above-normal temperatures and rainy and cloudy
weather (WW);

2) 1–7 December 2000: Southerly circulation with ex-
treme above-normal temperatures and windy and
cloudy weather (SW);

3) 1–7 May 2001: Northerly circulation with near-nor-
mal temperatures and no significant weather. The
cloud deck broke up on 5 May (NW);

4) 23–29 July 2001: Calm conditions with above-nor-
mal temperatures and calm weather. Skies were

FIG. 3. Land cover for the (left) rural and (right) urban simulations in the smallest domain. Land cover types are
water (0), continuous urban (1), discontinuous urban (2), industry and airports (3), pasture (4), cropland (5), forests
(6), perpetual snow (7), and shrubs and barren land (8). The solid black line marks the border of the BCD, and the
black asterisk marks the location of the Uccle recording station. Latitude and longitude values are denoted at the
domain boundaries.
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quite clear during most of the period, with convec-
tive clouds developing in the afternoon, resulting in
small single-cell storms on 26 and 27 July (CW).

3. Results and discussion

a. Evaluation of the model

To evaluate model performance, a comparison is
made between the urban run and the routine observa-
tions of the Uccle ground station. Comparisons among
observed and modeled temperature, specific humidity,

wind speed, and global radiation are shown in Fig. 4.
Table 2 presents the statistics that quantify model per-
formance. The observed 2-m ambient temperature val-
ues were compared with simulated temperatures ex-
trapolated from the 12.5-m model base level to a 2-m
level using profiles prescribed by the Monin–Obukhov
similarity theory (Stull 1988).

The 2-m ambient temperature was predicted well by
the model during WW, the root-mean-square error
(RMSE) being 1.55°C. A slight underestimation of less
than 1°C occurs. Most of the bias comes from the last

FIG. 4. Simulated and observed values of temperature, specific humidity, wind speed, and global radiation at the Uccle recording
station for (top left) WW, (top right) SW, (bottom left) NW, and (bottom right) CW. Asterisk symbols represent the observations, and
the solid line corresponds to simulated values. Shaded areas are reference periods
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night of the period. This, in turn, is because of an un-
derestimation of the cloud cover in the model, as shown
by the overestimation of the global radiation on the
previous and subsequent days. During this period, the
global radiation shows a positive bias of 10 W m�2. The
specific humidity (Q) shows the same tendency as does
the temperature with only a minor RMSE value of
1.11 � 10�3 kg kg�1. Wind speeds are slightly overpre-
dicted by the model. All parameters during WW show
a good correlation with the observations.

The model performed well in predicting the tempera-
tures during SW. The RMSE value was only 1.11°C
with a minor negative bias of 0.91°C. The specific hu-
midity shows no bias in the model, and an RMSE of
only 1.12 � 10�3 kg kg�1 is apparent. The global radia-
tion shows a strong overestimation again, mainly on 2–3
December 2000. This indicates again that the model has
a tendency to underestimate clouds. This is something
to take into account when considering the UHI inten-
sity during these two days, as heat island intensity in-
creases as cloudiness decreases (Morris and Simmonds
2001).

During NW, the model global radiation is strongly
overestimated during the first 4 days, indicating an un-
derestimation of the cloud cover. In this case in May
2001, when the daily temperature is strongly dependent
on cloudiness, this causes the model to be 1.31°C too
warm, with an RMSE of 2.81°C. The last 3 days of the
simulation show a very good correspondence between
the model and the observed values.

The CW also shows an overestimation of the global
radiation. The whole period was clear, except during
the afternoon hours of 27 and 28 July 2001, when con-

vective clouds, not predicted by the model, were ob-
served. Although the temperatures were not strongly
biased, the simulation exhibits an RMSE value of
2.10°C. This is mainly because of an underestimation of
the diurnal temperature cycle in the model. The specific
humidity is predicted well in general but is underesti-
mated on 26 and 27 July 2001. This results in a bias of
–0.98 � 10�3 kg kg�1, which is probably due to an
underestimation of the rainfall. In the afternoon of 26
and 27 July 2001, small single-cell rain storms were ob-
served at the site of Uccle. The model, however, re-
mained dry. The lack of this additional moisture source
results in an underestimation of humidity in the model.
Wind speeds are well within the acceptable range for
this simulation period.

In further analysis of the UHI, the worst-simulated 3
days of each simulation period were omitted, consider-
ing temperature and global radiation evaluation statis-
tics, to avoid wrongly interpreting the temperature dif-
ferences. These days are indicated as shaded areas in
Fig. 4. The 4-day periods then analyzed are referred to
as the reference periods. Statistics about model per-
formance for these reference periods are given in Ta-
ble 2. The RMSE, bias, and correlation show better
values in general for those reference periods. The glob-
al radiation bias was greatly improved in WW, SW,
and NW, but it remained considerably high in CW.
RMSE values improved as well, mainly in NW, but
increased slightly in WW also. The temperature bias
was greatly improved for NW, but it remained more or
less unchanged during the other events, while RMSE
values improved in general, but increased slightly
in SW.

TABLE 2. Evaluation of temperature (T ), specific humidity (Q), wind speed (V ), and global radiation (R) at the Uccle recording
station for WW, SW, NW, and CW.

WW SW NW CW

Model Reference Model Reference Model Reference Model Reference

T
RMSE (°C) 1.55 1.33 1.11 1.24 2.81 1.46 2.10 1.65
Bias (°C) �0.94 -0.83 �0.91 -0.93 1.31 0.21 0.28 0.21
Correlation 0.88 0.91 0.91 0.92 0.88 0.87 0.84 0.89

Q
RMSE (10�3 kg kg�1) 1.11 0.62 1.12 0.52 2.19 0.85 1.29 1.22
Bias (10�3 kg kg�1) �0.25 -0.14 �0.08 0.18 0.59 0.57 �0.98 �0.69
Correlation 0.86 0.86 0.84 0.88 0.91 0.80 0.85 0.83

V
RMSE (m s�1) 1.06 1.05 0.65 0.73 0.86 0.71 0.88 1.05
Bias (m s�1) 0.74 0.88 �0.07 0.06 0.59 0.48 0.69 0.96
Correlation 0.81 0.91 0.79 0.67 0.81 0.84 0.58 0.48

R
RMSE (W m�2) 34.82 35.89 36.32 23.74 171.60 109.93 128.72 100.93
Bias (W m�2) 10.69 6.95 14.09 8.74 59.68 18.33 44.32 44.21
Correlation 0.76 0.81 0.85 0.94 0.75 0.89 0.91 0.96
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b. The UHI of the Brussels area

Figure 5 demonstrates the simulated average heat
island of Brussels during the reference period of the
calm weather event in summer (left panel; CW) and the
cloudy event with westerly winds in winter (right panel;
WW) about one hour after sunset, with the UHI being
most clearly evident during this time of the day. The
SW and NW had very similar results to WW and CW,
respectively, and hence were not discussed in detail in
the following sections. The UHI intensity is defined as
the difference between the 2-m ambient temperatures
of the urban and the rural simulations (�TU–R) across
the Brussels agglomeration. During CW, the UHI over
Brussels is very strongly developed, with values up to
4°C in the center. The area affected by the heat island
is similar to that during WW, its intensity being only
about 2°C in the center. It can further be noticed in
both cases that the temperature gradient from the rural
environment toward the urban site is quite strong,
while in the built area a temperature “plateau” is ob-
vious, which is consistent with the findings of Lands-
berg (1981). Figure 5 shows that the highest values oc-
cur in the center of the city, while the values gradually
decrease toward the outskirts of town. The darker
(cooler) grid cells amid the UHI area are the position of
the nineteenth-century Brussels UHI, resulting in a
smaller �TU–R. In the rural areas no effect of land cover
changes on temperature could be found. The asterisk in
the center of the domain denotes the position of the
Uccle recording station. It is clear that this station is

situated within the area influenced by urban heating in
both weather situations.

c. Influence of the UHI on the temperature record
in Uccle

1) DIURNAL EVOLUTION OF THE UHI

To detect the temperature changes triggered by land
cover changes at the site of the Uccle recording station,
the grid point containing the position of the station was
selected. The site of the recording station experienced a
land cover change from a crop area toward a discon-
tinuous urban land cover during the past 200 yr (Fig. 3).

Figure 6 shows the average diurnal �TU–R evolution
over the Uccle recording station during the 4-day CW
episode (left panel) and the WW episode (right panel).
Sunset and sunrise are indicated with arrows, and the
shaded areas denote nighttime hours. During the CW,
the UHI intensity is weakest about 4 h after sunrise, but
it then gradually builds up when the surface is heated.
Around 1800 true solar LT (local time) �TU–R is still
less than 1°C in magnitude. However at 1900 LT, a
sudden and strong temperature increase of the heat
island intensity is obvious. Within one hour �TU–R

reaches about 3°C. At sunset, around 2100 LT, the
maximum intensity is attained; during the rest of the
night the temperature difference decreases slowly to-
ward 1.5°C at 0400 LT. At sunrise, around 0500 LT, �
TU–R falls very rapidly to 0°C at 0900 LT. A similar
�TU–R evolution is modeled for the WW case as seen in
the right-hand side of Fig. 5. The minimum UHI inten-

FIG. 5. Four-day average differences in 2-m temperature between the urban and rural simulations 1 h after sunset
for (left) CW and (right) WW. The resolution is 1 km; decimal latitudes and longitudes are indicated in the margin.
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sity occurs about 3 h after sunrise, at 1200 LT. The
urban run is even cooler by a few tenths of a degree
compared with the rural run at this time. In the after-
noon, a UHI starts to build up increasingly fast. After
sunset, at 1700 LT, the increase is slowing down and the
UHI intensity reaches its maximum value of 2°C at
1900 LT, 2 h after sunset. The UHI intensity then starts
decreasing until it reaches a constant value of 1°C,
which persists during the night. Once the sun rises
again, the temperature difference vanishes rapidly.

Gedzelman et al. (2003) also observed this diurnal
course of the UHI intensity for the New York City,
New York, heat island, using an observational ap-
proach by comparing hourly temperature observations
at rural and urban stations. They found a rapid increase
of �TU–R about 2 h before sunset, which was at 1700
LT, reaching its maximum value at 2000 LT. However,
while in our study the �TU–R starts to decrease again
after sunset in CW and a few hours after sunset in WW,
the �TU–R remained constant throughout the night in
Gedzelman et al. (2003). The intensity varied from 3°C
in winter to 4°C in summer. These amplitudes are com-
parable to the cases presented here. Hafner and Kidder
(1999) noticed the same diurnal evolution in a modeling
experiment of the Atlanta, Georgia, heat island. During
the late afternoon, the UHI magnitude increased rap-
idly to a maximum around 1900 LT and remained con-
stant throughout the night. A second peak in �TU–R

was even observed at 0600 LT. The gradual decrease in
�TU–R within a few hours after sunset at the Uccle
recording station can be explained by the fact that the

station is positioned near the periphery of the urban
heat island. It was found that the UHI starts declining
from its borders after sunset, because of the advection
of cool air from its rural environments, while the �TU–R

in the city center remains nearly constant throughout
the night (not shown). This behavior was also shown by
Haeger-Eugensson and Holmer (1999) for the city of
Göteborg, Sweden, and by Landsberg (1981) for differ-
ent cities in Europe and North America.

2) SURFACE FLUXES IN THE UHI

The UHI effect is mainly determined by the surface
energy balance. The latter can be written as

�QS � Q* � QF � QH � QE, �3�

where Q* is the net all-wave radiation, QH is the sen-
sible heat flux, QE is the latent heat flux, �QS is the
heat storage, and QF is the anthropogenic heat flux.
Here, QF, calculated following the procedure explained
in the appendix, was added to QH. To determine the
main causes for the UHI, the differences in the surface
energy balance between the urban and rural simula-
tions were investigated. Surface fluxes for CW and WW
are given in Fig. 7.

From Fig. 7 it is clear that during both CW (Fig. 7,
top) and WW (Fig. 7, bottom), Q* is more or less equal
over the urban and rural simulations during the day;
however, during the night, the urban surface radiates
more heat toward the atmosphere, resulting in a more
negative Q*. This is mainly because of a higher noctur-

FIG. 6. Four-day average nocturnal evolution of �TU–R during (left) CW and (right) WW at 2 m above the
surface in the Uccle recording station. Arrows indicate the times of sunset and sunrise; shaded areas are nighttime
hours.
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nal longwave emission, but also because of the drier
atmosphere in the city (Christen and Vogt 2004).

The QE is greatly affected by the urban surface in
CW. During the night, QE is almost unchanged by the
city surface, but during the day, QE in the city is dimin-
ished by up to 46% compared with the rural situation,
which is a higher value than the observational value of
about 30% found by Grimmond et al. (1996) for a clear
summer day at the San Gabriel, Los Angeles, site. Al-
though the latter site has a comparable land cover dis-
tribution to the surroundings of the Uccle recording

station, it experiences a drier climate. The decrease of
QE is due to the absence of vegetation, and hence re-
duced transpiration, and to the almost-total runoff in
the city, which is covered with impermeable materials.
The absolute daytime maximum value reached 160 W
m�2 in the city, which is 140 W m�2 less than the rural
situation. As vegetation and hence transpiration is
greatly diminished in winter, QE was less influenced by
the urban surface in WW.

The QH was modified by the urban surface in both
CW and WW. In CW, QH is slightly less negative at

FIG. 7. Four-day average diurnal pattern of the surface fluxes (W m�2) at the location of the Uccle recording
station for a (left) rural and (right) urban situation during (top) CW and (bottom) WW. Net all-wave radiation and
storage heat flux are counted positive downward; latent heat flux and sensible heat flux are counted positive
upward: net all-wave radiation (solid line); latent heat flux (dotted line); sensible � anthropogenic heat flux
(dashed line); and storage heat flux (dotted dashed line). Arrows indicate times of sunset and sunrise, and shaded
areas are nighttime hours.
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night in the urban situation compared with the rural
situation. During the day, QH is about 90 W m�2 or
36% higher in the city. The urban daytime value
reaches 235 W m�2 or 43% of Q*. This is comparable
to what Christen and Vogt (2004) found for the subur-
ban areas in the city of Basel, Switzerland, where the
magnitude of QH was 40% of Q*, and to what Grim-
mond et al. (1996) found for the San Gabriel site, where
the magnitude of QH was 30%–60% of Q*. During
WW, QH was affected in a different way. During the
day, QH was reduced by 10 W m�2 in the urban situa-
tion, but the flux decreased more slowly in the evening
so that it remained higher relative to the rural situation
during the night. After midnight, QH became positive
again, but it increased less rapidly after sunrise than in
the rural situation. In contrast to CW, which is a sum-
mer situation, QF plays a more pronounced role in
WW. As QF was added to QH, it is at least partly re-
sponsible for the increase in this flux during the night in
the urban environment.

In CW, �QS was higher by 33% during the daytime
in the urban environment compared with the rural
value, reaching a maximum of 150 W m�2 or 30% of
Q*, which is comparable to the values found by Chris-
ten and Vogt (2004). Furthermore, it can be seen from
Fig. 7 that more heat enters the urban fabric in the
morning hours than in the afternoon, causing a tempo-
ral hysteresis pattern of �QS, consistent with the find-
ings of Grimmond and Oke (2002). During the evening,
�QS becomes more negative in the urban than in the
rural situation, reaching a value of �70 W m�2 around
2000 LT. During WW, �QS increased by 31% during
daytime in the urban situation compared to the rural
situation, with a maximum value of 37 W m�2 or 38%
of Q*. During the afternoon, �QS decreases at a higher
rate in the urban compared to the rural situation. After
sunset, the urban �QS is larger than the net radiation,
but after about 1 h it keeps pace with the net radiation
loss, which is consistent with Grimmond and Oke
(2002).

In summary, it can be stated that more heat enters
the urban fabric during a summer day (CW; �140 W
m�2), because of strongly reduced evapotranspiration.
Moreover, roughness length for momentum is larger in
urban environments (Table 1), which reduces wind
speeds and hence inhibits mixing of warm surface air to
the upper atmosphere (Voogt and Grimmond 2000).
This is also clear from our results, as wind speeds were
reduced by 33% in the urban compared with the rural
situation. On the other hand, more heat (�50 W m�2)
can be stored in the surface because of its thermal prop-
erties. The QH is increased by 90 W m�2. At nighttime
the large amount of heat stored in the urban surface is

released at a rate twice as high as that from the rural
surface, heating up the urban atmosphere. During win-
ter, evapotranspiration is not affected significantly by
the urban surface, but more heat is stored in the urban
fabric, probably because of a higher roughness length
for momentum as wind speeds were reduced by 43% in
the urban compared to the rural situation. During the
night, the release of heat stored in the urban surface, as
well as a higher QH because of the increased QF, warms
the nocturnal urban boundary layer.

3) AVERAGE UHI INTENSITY

Finally, the average impact of the UHI of Brussels on
the Uccle recording station for each of the selected
weather events was analyzed by calculating the average
�TU–R for the grid cell containing the recording station.
The significance of the results was determined using
both Student’s t for the means and Mann–Whitney
tests. For each of the selected periods, the mean day
(sunset–sunrise), night (sunrise–sunset), and overall
UHI contamination was calculated for the reference
period. The results are presented in Table 3. In WW,
the overall average �TU–R amounts to 0.77°C. This re-
sult is significant at the 10% confidence interval. The
�TU–R was positive during both the day and the night,
but only the nocturnal �TU–R was found to be signifi-
cant with a value of 1.07°C. The overall average tem-
perature increase during SW was 0.37°C, but in this
case the results were not significant within the 10%
confidence interval. During the day, temperature was
hardly modified by the urban conditions, but the noc-
turnal �TU–R amounted to 0.52°C, which was a signif-
icant value. In NW, the average �TU–R at the Uccle site

TABLE 3. Statistical analysis of the hourly averaged temperature
differences between rural and urban land cover for WW, SW,
NW, and CW. For each circulation, statistics are calculated sepa-
rately for daytime (sunrise–sunset) and nocturnal (sunset–sunrise)
�TU–R (values for reference periods).

Mean
�TU–R

(°C)

Max
�TU–R

(°C)
Student’s

t test
p

value
Mann–

Whitney
p

value

WW 0.77 4.2 2.04 0.04 �1.90 0.03
Daily 0.32 0.52 0.61 �0.46 0.32
Nocturnal 1.07 2.51 0.01 2.63 0.01

SW 0.37 2.8 1.13 0.26 �1.05 0.15
Daily 0.07 0.47 0.64 �0.37 0.36
Nocturnal 0.52 1.64 0.09 �1.87 0.03

NW 0.70 4.2 1.67 0.10 �1.52 0.06
Daily 0.33 0.66 0.51 �0.60 0.28
Nocturnal 1.35 2.01 0.05 �1.85 0.03

CW 1.13 3.9 2.27 0.02 �2.36 0.01
Daily 0.69 1.21 0.22 �1.30 0.10
Nocturnal 2.22 5.70 0.01 �4.98 0.01
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amounted to 0.70°C, which was found to be significant.
It should be noted, however, that during the first day of
the reference period, global radiation was overesti-
mated by the model; hence �TU–R might also be slightly
overestimated during this period. No significant effect
was present during the day, but the nocturnal UHI con-
tamination amounted to 1.35°C. Not surprisingly, the
most important influence of the UHI on the tempera-
ture record at the Uccle site was found in CW. On
average, the effect amounts to 1.13°C, which was found
to be very significant. A positive temperature contami-
nation on the temperature record was found during the
day and the night, but only the nocturnal value of
2.22°C was found to be significant.

The question arises as to what extent these findings
may be generalized to an annual average contribution
of urban heat to the temperature time series. The
weather classification scheme by Gerstengarbe and
Werner (2005), based on the European circulation pat-
tern at the 500-hPa pressure level, makes a distinction
between 8 circulation types, which are in turn divided
into 29 circulation classes. For the whole period of
1881–2004, all days are attributed to one type and class
so that relative frequencies of occurrences can be cal-
culated (Gerstengarbe and Werner 2005). Circulation
types and classes and their relative frequencies for each
of the weather events used in this research are provided
in Table 4. Based on the classification and the relative
frequencies, one can estimate the weighed average
�TU–R at the Uccle recording station over the four se-
lected weather events to be 0.8°C, based on both the
frequencies of the circulation classes and the frequen-
cies of their respective circulation types. However, the
four selected weather events in our study make up
64.00% of the 8 types and 28.94% of the 29 classes of
the classification of Gerstengarbe and Werner (2005).
This is too small a percentage to make a reliable
weighed average for the annual urban effect. Broader
research, taking into account more weather types or
classes, is needed to draw more reliable conclusions.
Furthermore, this methodology does not account for
seasonal differences in the urban heat island contami-
nation. Ideally, one should perform the above analysis

for each season, using the seasonal frequencies of oc-
currence of each of the circulation classes. The annual
average UHI contamination can then be estimated by
averaging the seasonal UHI contributions. Moreover,
additional investigation is needed to account for the
variability of UHI intensity within each circulation
class. Nevertheless, one can draw the conclusion that
the city of Brussels has a significant impact on the local
temperature time series at Uccle during three of the
four weather events analyzed, taking into account that
the annual mean observed temperature has increased
1.4°C since 1873 (Yan et al. 2002).

Vandiepenbeeck (1998) applied an observational ap-
proach to assess the average UHI contribution to the
Uccle temperature time series and found somewhat
lower values as those presented in this study. He found
the urban heat contribution to be 0.3°C in spring and
0.8°C in summer. In winter the effect amounted to
0.7°C. Vandiepenbeeck’s method was based on the as-
sumption that �TU–R would be zero during a southerly
circulation. However, from our results, this might be a
deceptive assumption as even during a southerly circu-
lation a significant minor �TU–R was found at night.

4. Conclusions

In this research, a new methodology for the analysis
of the urban heat contamination in long-term tempera-
ture time series was presented. The study was based on
calculating the temperature difference between two
mesoscale model integrations, one initialized with the
contemporaneous land cover setting and one with a
land cover setting representative of the period when the
recording station was established. It was shown that a
strong UHI may develop in the Brussels Capital Dis-
trict, reaching in excess of 4°C during a calm summer
night in the center of town. The UHI contribution to
the temperature time series of the Uccle recording sta-
tion was assessed through an analysis of the grid cell
containing the recording station. It should be noted that
not all variations of the UHI characteristics will be re-
solved by a model resolution of 1 km, as the UHI effect
varies strongly on spatial scales as small as 100 m
(Peterson 2003); because the environment of the re-

TABLE 4. Circulation type [Grosswettertypen (GWT)] and circulation class [Grosswetterlagen (GWL)] for cases WW, SW, NW, and
CW and their respective frequencies of occurrence ( f, 1881–2004) according to Gerstengarbe and Werner (2005).

GWT f (%) GWL f (%)

WW West circulation (W) 27.11 Cyclonal west circulation (WZ) 15.68
SW Southwest circulation (SW) 4.81 Anticyclonic southwest circulation (SWA) 2.40
NW East circulation (E) 15.57 Western European through (TRW) 3.33
CW Central European anticyclone (HM) 16.51 Central European anticyclonic ridge (BM) 7.53
Total 64.00 28.94
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cording station in Uccle has a very homogenous land
cover, no large bias due to small-scale variations is ex-
pected. Further, while the model performed well during
clear-sky conditions, it showed a tendency to underes-
timate cloud cover during certain days, which is an im-
portant factor controlling the UHI effect. Therefore the
analysis was performed omitting days with poor simu-
lation results. A minor positive bias in the modeled
global radiation remained, however; hence the average
UHI contribution presented here might be slightly
overestimated as clearer skies produce more intense
UHIs. Taking these limitations into account, the UHI
effect at the recording station was found to be clearly
present, with intensities of up to 3°C. Maximum values
of �TU–R were generally reached at sunset during a
calm and clear summer situation and 2 h after sunset
during a cloudy weather situation in winter, followed by
a subsequent gradual decrease during the night.

An analysis of the surface energy balance during a
calm weather situation in summer revealed a strong
daytime decrease of QE over urban surfaces, while QH

and �QS showed significant increases, and the Q* was
hardly modified. The stored heat was released during
the evening and the night, communicating heat to the
lower atmosphere, hence contributing to an increase of
urban ambient temperature. During a cloudy weather
situation in winter, QE was hardly affected by the urban
surfaces during both the day and the night, but QH

decreased somewhat during the day and increased dur-
ing the night. The �QS significantly increased during
the day, while the stored heat was released during the
night at a much higher rate in the urban environment.
Further, this study pointed out that the UHI signifi-
cantly influences the temperature record at the RMI
recording station of Uccle during three of the four se-
lected weather episodes. The major effect was noticed
in a calm wind situation, which amounted to 1.13°C on
average and 2.22°C during the night. When winds blew
from the south (i.e., putting the Uccle station upwind of
the center of Brussels), no average significant tempera-
ture increase was apparent. However, during the night,
a significant effect emerged, suggesting that relatively
low-density urbanization also has an appreciable effect
on temperature.

To extrapolate the obtained results to an average
annual urban effect on the RMI temperature record,
one should select more weather events so that each of
the circulation classes presented by Gerstengarbe and
Werner (2005) for the four seasons can be simulated.
The average annual urban contribution to the Uccle
temperature time series can then be estimated as a
weighed average of the relative frequencies per season
of each of the 29 circulation classes, defined by Ger-

stengarbe and Werner (2005). If a sufficient number of
circulation classes is analyzed, the method presented is
a useful tool in determining the urban heat contamina-
tion in time series, countering the drawbacks of an em-
pirical approach. It would be very useful to apply this
research method to other cities. Despite the limitations
mentioned, one can conclude from this research that
the gradual suburbanization of Brussels has a signifi-
cant effect on the temperature record of the RMI in the
order of at least several tenths of a degree Celsius.
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APPENDIX

Anthropogenic Heat Flux Calculation

To specify anthropogenic heat fluxes in the ARPS
simulations, a two-step modeling approach was fol-
lowed. First, annual energy consumption for Belgium
was spatially disaggregated by means of land-use and
population-density maps. This was done separately for
three sectors: industry, traffic, and domestic/tertiary
(mainly building heating). Second, a further disaggre-
gation in time was performed, to obtain hourly heat
fluxes from the annual averages available from the first
step. The final result consists of hourly values of total
anthropogenic heat release interpolated to the ARPS
model grid.

a. Spatial modeling

First, annual average energy consumption for Bel-
gium for the three sectors mentioned above was
obtained from the Directorate-General for Energy
and Transport of the European Commission (http://
ec.europa.eu/comm/dgs/energy_transport/figures/
pocketbook/) for the year 2001. These data were con-
verted from units of millions of tons of oil equivalent
(Mtoe) to joules, and divided by the number of seconds
occurring in a year to obtain the power consumption
(watts) per sector. Furthermore, it was assumed that all
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energy consumed ends up as waste heat in the environ-
ment. As a next step, a regular latitude–longitude grid
with a resolution of 30 arcsec (approximately 1 km) was
constructed, retaining only those grid cells located
within the limits determined by the Belgian border.

For each cell of this grid, the percentage of different
land cover types (industrial, built-up, and so on) was
then calculated from the digital CORINE land cover
map with a resolution of 250 m. The total industrial
energy consumption was simply distributed over the
grid cells in proportion to the percentage industrial land
cover occurring in each cell. Domestic/tertiary and traf-
fic-related energy consumption are more complicated,
as the effective population density has to be taken into
account. Indeed, in densely populated places the per
capita domestic energy consumption is smaller than in
areas of low-population density, because dense living
patterns allow for the sharing of heat between neigh-
boring buildings. Also, in densely populated places the
average traffic distance is smaller. Comparing energy
consumption in many cities throughout the world,
Lowry (1998) found that the per capita energy con-
sumption is inversely proportional to the square root of
population density. (Note that this inverse square root
relation is for the energy use per capita, which im-
plies that energy use per unit surface area is still an
increasing function of population density.) We adopted
Lowry’s relation to estimate domestic and traffic
heat fluxes, using data from the LandScan global grid-
ded population database (http://www.ornl.gov/sci/
landscan/) to specify population density. This popula-
tion density, available on a grid with a resolution of 30
arcsec, was further refined by assigning the total num-
ber of people in each LandScan grid cell only to the
effective built-up area as specified by the CORINE
land cover map. This is important, especially in a highly
fragmented landscape such as in Belgium, where built-
up units smaller than 30 arcsec occur frequently, raising
the local “effective” population density over the value
given in the LandScan digital map. Finally, we per-
formed a normalization so as to conserve the total en-
ergy consumption for the whole territory.

It is of course not straightforward to validate this
approach, because of the lack of suitable observations.
However, using an entirely different method, involving
satellite-based anthropogenic light irradiance, together
with a spatial disaggregation approach as described in
Makar et al. (2006), one obtains an annual average an-
thropogenic heat flux for the central portion of Brus-
sels amounting to 46.7 W m�2 (see the International
Institute for Applied System Analysis Web site at
www.iiasa.ac.at/Research/TNT/WEB/heat/). Using our
approach as outlined above and aggregating the grid-

ded values to the 4.6-km grid used by Makar et al.
(2006), the value is 43.8 W m�2, which is very close to
the value derived from the method of Makar et al.
(2006). While not adopting this as a formal validation
result, the similarity of the magnitude of the results
obtained by two very different methods inspires confi-
dence. Note that the reason for not using the method
proposed by Makar et al. (2006) is that it does not
provide anthropogenic heating separated by sector.
And it is precisely this sectoral information that is
needed to disaggregate annual heat fluxes into hourly
fluxes, as described in the next section.

b. Temporal modeling

As the ARPS model explicitly resolves the diurnal
cycle, it needs hourly resolved heat-release data as in-
put. The digital maps created, as explained above, still
represent only the annual average spatial distribution
of the energy consumed per sector. To disaggregate
these data in time, the approach was as follows.

For industrial heat release, because of a lack of de-
tailed information regarding release time, a simple uni-
form distribution in time was assumed. Regarding the
domestic/tertiary sector, it was assumed that most heat
release occurs as a result of building heating. The dis-
tribution in time of those heat fluxes was done using
outdoor ambient temperature, assuming that building
heating starts when daily-average outdoor tempera-
tures drop below 15°C and that the required heating is
proportional to the number of degrees Celsius below
this threshold. Use was made of the ECMWF gridded
2-m temperature data aggregated per day. The result-
ing temporal resolution is one day, which is fair enough
when considering that building heating, even though
varying at shorter time scales than one day, diffuses
slowly to the outside air through the walls of buildings.
As for traffic, the temporal resolution is much higher,
as traffic-related heat release into the atmosphere is
rather direct. The anthropogenic heating from traffic
thus follows very nearly the temporal distribution of the
traffic intensity, which in turn displays a very distinctive
diurnal cycle with peaks of intensity during the morning
and evening rush hours, a plateau at noon, and rela-
tively low values at night. The time variation of traffic-
related anthropogenic heat flux was done using mea-
sured traffic- intensity values from traffic-census cam-
paigns across Belgium (Mensink et al. 2000).
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