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Abstract: In this letter, the urban heat island effects on the temperature time series of
Uccle (Brussels, Belgium) during the summers months 1960-1999 was estimated using
both ground-based weather stations and remote sensing imagery, combined with a
numerical land surface scheme including state-of-the-art urban parameterization, the Town
Energy Balance Scheme. Analysis of urban warming based on remote sensing method
reveals that the urban bias on minimum temperature is rising at a higher rate, 2.5 times
(2.85 ground-based observed) more, than on maximum temperature, with a linear trend of
0.15 <T (0.19 <T ground-based observed) and 0.06 <C (0.06 <C ground-based observed)
per decade respectively. The results based on remote sensing imagery are compatible with
estimates of urban warming based on weather stations. Therefore, the technique presented
in this work is a useful tool in estimating the urban heat island contamination in long time
series, countering the drawbacks of a ground-observational approach.
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1. Introduction

It is important to know whether, and to what extent, estimates of global warming trends can be
explained by the growth of the urban heat island due to increased urbanization. In fact, if observations
of temperatures in growing cities are used in the assessment of global warming trends, these trends
may be overestimated. However, the change in urbanization over time is smaller for a station that
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originally was established in a densely built-up area than for a station originally installed in a rural or
only light urbanized environment that has experienced growth. Jones et al. [1] have shown that
temperatures in central London and Vienna did not rise relative to rural locations nearby in recent
decades. Nevertheless, suburban sites continue to warm relative to nearby rural areas until local
urbanization is complete, as shown for London's Heathrow airport by Jones and Lister [2].

The past observational approach compared urban air temperature records with records of a rural
area. However, selective use of rural sites, requires information (metadata) about the site and its
surroundings. Some forms of metadata, such as city population statistics, must be used with care
because they may not be representative of the immediate vicinity of the observing site. Also, in situ
observations usually suffer from inhomogeneities caused by nonclimatic factors such as changes in
observation time, instrumentations, location (altitude and latitude), and other local
meteorological features.

With the advent of remote sensing methodology, it has become possible to monitor local urban
climate changes associated with land use changes over rapidly expanding urban areas. Specifically, the
quantity of impervious surfaces is related to urban growth and urban density [3]. The proportion of
impervious surfaces has been reported to be a good indicator for the monitoring of the urban heat
island effects (UHI). A positive correlation between the proportion of impervious surfaces and land
surface temperatures was identified by Yuan and Bauer [4]. The expansion of the built-up area was
found to be the main factor in long-term changes in air temperatures [5,6].

Recently, Hamdi et al. [7] presents a new technique for estimating effects of increased urbanization
on temperature trends. Specifically, they combine data from remote sensing imagery and a land surface
model including the most advanced urban parameterization of Masson [8], the Town Energy Balance
(TEB) scheme. In their study: (i) urbanization was assessed by measuring changes of percent
impervious surface areas, (ii) the land surface scheme was run in a stand-alone mode, coupled to
downscaled ERA-40 reanalysis data [9]. It should be noted that it was the first time a modeling
approach was applied to assess the degree to which background temperature trends are amplified by
urbanization. This new technique was applied to the Brussels Capital Region (BCR) in Belgium, which
has experienced a rapid overturning of agricultural land and native vegetation to buildings and
impermeable pavements over the last century. However, in their study, the modeling set up was used
just as a sensitivity study because no observed data were found in order to compare the results of their
new technique based on remote sensing imagery with observed estimates from ground-based weather
stations. Their model-based estimate of urban warming was based on calculating the difference
between two model integrations: (i) “the rural” scenario representing a hypothetical situation with no
urban areas inside the Brussels Capital Region domain and (i1) the “urban” scenario, which represented
the climate in the presence of urban areas using the measured historical changes of surface cover
fractions. Recently, a homogenized rural climatic temperature records (summer 1955-2006, minimum
Twmin @and maximum Tyax temperature) were found at a station far away from Brussels about 20 km
and therefore this station presents the suitable site to measure the increase of the urban heat island from
Brussels. Thus, in this work, the urban heat island effects on the temperature time series of Brussels
during summer months will be estimated using both ground-based weather stations and remote sensing
imagery combined with a land surface scheme and the results compared. Therefore, the aim of this
letter is to prove that the technique presented in Hamdi et al. [7] works correctly.
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2. Data and Model
2.1. Study Area

The focus of our study is the Brussels Capital Region (BCR) (see Figure 1.), centrally located in
Belgium, with a size of 161.78 km? and a registered population of 1,031,215, on January 1st 2007,
estimated by the National Institute of Statistics (INS). As in the majority of large European cities, it is
only during the 19th century that the population strongly increased, exceeding 1 million inhabitants in
2004. This caused a rapid expansion of the capital over the last 50 years. The area covered by the BCR
is quite circular (Figure 1) with a diameter of 12 km and the effects of urbanization variability
dominate the topographic influence (orography is beneath 150 m).

Figure 1. Study area of the Brussels Capital Region. The national recording station of the
Royal Meteorological Institute of Belgium (urban station) is marked with a red bulb, and
rural stations with a green bulb (Brussegem right, Asse left). The red arrow presents the
direction of the prevailing wind direction in the region.

2.2. Meteorological Weather Station

The national recording station of the Royal Meteorological Institute (RMI) of Belgium [World
Meteorological Organization (WMO) code 06447] is situated some 6 km south of the center of the
capital (Figure 1), in the Uccle suburban, at 50.80N and 04.35<E. The series has been used to monitor
climate change in Belgium and is the one used in the world database of land-surface air temperature
and in the Global Climate Observing System (GCOS) surface network [10]. In order to assess the
degree to which the Uccle temperature trends are amplified by urbanization two ground-based
meteorological stations, situated 20 km away from the center of Brussels and managed by the RMI,
was used (see Figure 1 and Table 1). These rural stations are not influenced by the SW-prevailing wind
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direction and therefore the impact of the city is negligible. Also, even if the urban heat island may not
be zero in these small villages [11], they did not experience a rapid increase during the last century and
therefore the ability of the urban infrastructure to prevent outgoing longwave radiation is not
increasing and the anthropogenic heat input is stable.

Table 1. Individual temperature series used to estimate the urban warming of the city of
Brussels, their observation hours, location and approximate elevation.

Time span Observation time Location (above mean sea level)
1 June 1955-31 August 2006 Daily max- and minimum Uccle (104 m)
1 June 1991-31 August 2006 Daily max- and minimum Brussegem ( ~53 m)
1 June 1980-31 August 1990 Daily max- and minimum Asse (~53 m)
1 June 1955-31 August 1971 Daily max- and minimum Asse (~53 m)

2.3. Evolution of Surface Cover Fraction

The evolution of surface cover fractions over the study region was derived from a study by
Vanhuysse et al. [12]. This study aims to assess the evolution of the fraction of impervious surfaces in
the BCR since the 1950s acceleration of urban growth linked to widespread use of cars as a new mode
of transport. Two periods were studied:

(i) From 1950s to 1980s: Vanhuysse et al. [12] used the MURBANDY database [3] available for
1955, 1970, and 1985 and then estimated the fraction of impervious surfaces using topographic
maps and aerial photos. Initially, an interpretation of land use in 1997 was carried out visually
on the screen, based on satellite images IRS/1C (spatial resolution 5.8 m), and aerial
orthophotos (5 m spatial resolution). The legend of reference is derived from CORINE Land
Cover but has a higher degree of detail for artificial surfaces. The minimum mapped area is 1 ha
for artificial surfaces and 3 ha for other surfaces. Then, for 1955, 1970 and 1985, the database of
1997 was retrospectively updated using information from maps and aerial photos of the period.
For each of the three dates, topographic maps at 1:5,000 were scanned, georeferenced, and
overlayed with the MURBANDY/MOLAND data. The interpretation was carried out visually
using a geographic information system (ArcGIS v9.1). For 1985, the coverage map at 1:5,000
was not comprehensive enough and had to be supplemented by aerial photographs. The final
results indicate that the percentage of impervious surfaces has increased from 26% in 1955 to
39% in 1985.

(i) From 1980s to 2006: Vanhuysse et al. [12], first, conducted a binary classification of land use
on the basis of a very-high-resolution satellite image (UrbOrtho, QuickBird) dating from 2006
(see Table 2). They used the software eCognition Professional v4.0, which allows a
classification by region (object-oriented classification) based on fuzzy logic. The regions are
assigned a class according to their degree of belonging to this class, as determined by the
nearest neighbor algorithm and/or membership functions modeled by the user. The final result
was made binary keeping only two classes: pervious and impervious surfaces. A grid mesh of
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30 meters per side was generated by referring to the Landsat images, so that, each mesh covers
exactly one Landsat pixel. Thus, applying the binary classification on the grid, they were able to
extract the percentage of impervious surfaces in each cell. Then, they built a simple regression
model between the percentage of impervious surfaces and different spectral variables derived
from high-resolution Landsat images: NDVI (Normalized Difference Vegetation Index), PVI
(Perpendicular Vegetation Index), SAVI (Soil Adjusted Vegetation Index), MSAVI2 (Second
Modified Soil Adjusted Vegetation Index), and Bl (Brightness Index). This model permitted to
estimate the percentage of impervious surfaces for two previous dates (1993 and 1986) for
which only high-resolution images (Landsat Thematic Mapper with 30 m resolution) are
available. The final results indicate that the percentage of impervious surfaces has increased
from 39% in 1985 to 47% in 2006 (see Figure 2).

Table 2. Synthesis of satellite images used for the second period.

Year Image Spatial resolution

1986 Landsat TM 30 m (B, V, R, PIR, MIR), 120 m (TIR)

1987 Landsat TM 30 m (B, V, R, PIR, MIR), 120 m (TIR)

1993 Landsat TM 30 m (V, R, PIR, MIR), 120 m (TIR)

2003 Landsat ETM+ 30 m (B, V, R, PIR, MIR), 60 m (TIR), 15 m (pan)
Year Image Spatial resolution

2005 Spot HRV 20 m (V, R, PIR)

2003 Spot HRG 2.5 m (pan-supermode)

2006 QuickBird 2.4 m (B, V, R, PIR), 0.6 m (pan)

2004 UrbOrtho 0.6m(B,V,R)

Figure 2. The percentage of impervious surfaces in the catchment basins including the
Brussels Capital Region in 1955 (upper panel) and 2006 (lower panel). The black dot
shows the Uccle observatory location.
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2.4. Atmospheric Data

The ERA-40 re-analysis [8] is produced by the European Centre for Medium-Range Weather
Forecasts (ECMWEF). This global dataset covers the period from September 1957 to August 2002 with
a temporal resolution of 6 h and a spatial resolution of about 120 km for Western Europe. In order to
increase the spatial resolution over Belgium, a dynamical downscaling method was applied using the
numerical weather prediction limited area model ALADIN developed by the ALADIN international
team [13].

A dynamical downscaling to 10 km resolution over Belgium is performed in two steps: (i) in the
first step, the ALADIN model is coupled to the ERA-40 data and run at a resolution of 40 km on a
domain encompassing most of Western Europe; (ii) the results are then used as initial conditions and
lateral boundary conditions for a second downscaling run at 10 km resolution on a smaller domain
over Belgium (see Hamdi et al. [7] for more details).

2.5. Land Surface Scheme

We use the externalized surface scheme of Mé&én-France SURFEX (SURFace EXternalisé&) [14].
In SURFEX, each grid box is made of four adjacent surfaces: One for nature; one for urban areas; one
for sea or ocean; and one for lake. Horizontal interaction does not exist between the different surface
area tiles. The coverage of each of these surfaces is known through the global ECOCLIMAP
database [15], which combines land cover maps and satellite information. During a model time step
(300s), each surface grid box receives the upper air temperature, specific humidity, wind speed,
pressure, total precipitation, long-wave radiation, and short-wave radiation.

Over urban surfaces, SURFEX includes the Town Energy Balance (TEB) [7] single-layer urban
canopy module. Urban canopy is assumed to be an isotropic array of street canyons. The advantage is
that relatively few individual surface energy balance evaluations need to be resolved, radiation
interactions are simplified, and therefore computational time is kept low. TEB simulates heat and
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water exchanges and climate of three generic surfaces (roof, wall, and road), where heat transfers are
computed through several layers of materials, generally four. Anthropogenic heat and vapor releases
from buildings, vehicles and chimneys can also be added. For vegetated tiles, Noilhan and Planton [16]
Interaction between Soil, Biosphere, and Atmosphere (ISBA) scheme is used. TEB is forced with
literature-based surface thermal parameters and observed or simulated atmospheric and radiation data
from above roof level. Despite the simplification hypotheses, offline simulations of TEB have been
shown to accurately reproduce surface energy balance, canyon air temperature, and surface
temperatures observed in dense urban areas: Vancouver and Mexico City [17], Marseille [18],
Basel [19].

2.6. Model Parameter

The domain is 10 km = 10 km over the BCR, centered at the city center of Brussels. This small
heterogeneous domain is overlaid over a 1 km resolution land cover classification provided by the
ECOCLIMAP database. The land cover types contained in this domain are then aggregated into four
tiles (Sea, Lake, Vegetation, and Urban) with the corresponding fractional coverage (0%, 0%, 53%,
47%) to be used as the contemporaneous land cover setting. SURFEX was run in one offline single
column mode from 1 June 1960 to 31 August 1999 (40 yr), and the forcing parameters were derived
from the downscaling of the ERA-40 described in Section 2.4 for the grid point closest to the BCR.
These drivers are taken at a height of 50 m above ground level to ensure that they are representative of
the local scale (10>-10* m). For the vegetation tile, radiative, thermal, and soil properties (albedo,
roughness length, emissivity, thermal inertia, leaf area index, etc.) are taken from the ECOCLIMAP
database [15] and remain fixed through the simulation. For the urban tile, SURFEX uses only one
urban land-use class as input, which is characterized by a set of parameters. In this study, geometrical,
thermal, and radiative properties of roofs, walls, and roads were set to values representing a typical
midsize European city (see Table 1 in Hamdi et al. [7]). Another important urban-related aspect is the
anthropogenic heat. This term includes all heat emitted by human activities: traffic, release from
industry, and release from residential buildings. Over the area presented in this study, releases from
buildings have been shown to be the dominant component of anthropogenic heat [20]. In SURFEX, to
mimic space heating, a fixed minimum internal building temperature of 19 <C is specified [8,17].
Detailed aspect of the simulation set up can be found in Hamdi et al. [7].

3. Results and Discussion
3.1. Urban Warming from Weather Stations

The urban heat island intensity is defined as the difference in temperature between urban and rural
stations. Estimates of urban bias at the Uccle recording station, on maximum and minimum
temperature, calculated during the summer of each year between 1955 and 2006, are plotted with the
linear trends in Figure 3 (unfortunately, no data were found between 1972 and 1979).
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Figure 3. The urban warming on minimum and maximum temperature estimated with
ground-based weather stations with the linear trend, 1955-2006. r is the correlation
coefficient. The mean is calculated during the summer.
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As indicated by Figure 3, the urban warming on minimum temperature is shown to be rising at a
higher rate (2.85 times more) than on maximum temperature, with a linear trend of 0.19 <C and
0.06 T (10 yr)™', respectively. This result is consistent with previous work suggesting that the
maximum temperature is substantially less affected by urbanization than the minimum temperature [21].
The increase of annual mean urban bias on minimum temperature may be attributed to: (i) The higher
thermal inertia, which, in combination with lower albedo of urban surfaces (0.08-0.25), delays the
cooling of the cities at night compared to rural areas; (ii) it can also be attributed to the limited
evapotranspiration which prevents evaporative cooling of urban areas; (iii) during night hours, the
contribution of anthropogenic heat can also influence long-term temperature trends.

3.2. Urban Warming from Model Simulations

To isolate effects of urbanization on local near surface climate conditions, we calculate the
difference between two model integrations: (i) “the rural” scenario representing a hypothetical
situation with no urban areas inside the Brussels Capital Region domain and the “urban” scenario,
which represented the climate in the presence of urban areas using the measured historical changes of
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surface cover fractions. For this run, the surface cover fractions are updated each year using a linear
interpolation. The use of the land surface model in an offline mode does not account for atmospheric
feedback and therefore allows isolation of the effects of landscape difference on local near surface
climate conditions.

3.2.1. Evaluation of the Model

To evaluate model performance, a comparison is made between the urban run and the routine
observations of the Uccle ground station. Table 3 presents the statistics that quantify model
performance for daily maximum (Tyax) and minimum (Tyn) temperature using statistical measures
based on formulas by Willmott [22]. The 2-m temperatures predicted by the urban run are consistent
with meteorological observations, with a correlation coefficient of 0.96 and an index of agreement of
0.97 for Tmax and Tyn. The systematic root mean square error (RMSEsys), which should account for
physical processes that the model does not routinely simulate well, is small compared to the
unsystematic root mean square error (RMSEyunsys). The proportions of systematic errors in the model
are 26% and 11% for Tyax and Ty respectively. The minimum temperature is better simulated by
the model with a minor negative bias of 0.43 <C and RMSEgys of 0.66 <C against 1.12 T and 1.38 C
for maximum temperature.

Table 3. Performance statistics for daily maximum (Tmax) and minimum (Twn)
temperature based on formulas by Wilmott [22]. RMSEsys and RMSEynsys are the
systematic and unsystematic root mean square error, respectively.

Correlation Index of agreement Bias (TC) RMSEsys (T) RMSEuynsys (T)
Tmax 0.96 0.97 1.12 1.38 2.33
Tvin 0.96 0.97 -0.43 0.66 1.89

3.2.2. Urban Warming

Model simulations show that the urban warming on minimum temperature is rising at a higher rate
(2.5 times, observed 2.85 more) than on maximum temperature, with a linear trend of 0.15<(observed
0.19 <) and 0.06 <T (observed 0.06 <C) (10 yr)™*, respectively. Figure 4 shows that the model is able
to capture all the observed characteristics of urban warming, even if:

1. We consider BCR as a lumped urban volume.

2. The entire BCR is composed of one homogeneous material comprising uniform thermophysical
properties, irrespective of spatial variability.

3. Urbanization was assessed only by measuring changes of the impervious surface area (percent)
in the BCR.
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Figure 4. The urban warming on minimum and maximum temperature estimated with
satellite data with the linear trend, 1960-1999. r is the correlation coefficient. The mean is
calculated during the summer.
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4. Conclusions

In this study, the urban heat island effects on the temperature time series of Uccle, during summer
months, was estimated using both ground-based weather stations and remote sensing imagery,
combined with a land surface scheme. The model-based estimate of urban warming was based on
calculating the difference between two model integrations: (i) “the rural” scenario representing a
hypothetical situation with no urban areas inside the Brussels Capital Region domain and the “urban”
scenario, which represented the climate in the presence of urban areas using the measured changes of
surface cover fractions. Results of our simulations are compatible with estimates of urban warming
based on weather stations. However, exact compatibility is not possible because, with the 10 km
horizontal resolution of the climate drivers used to run the land surface scheme, we are not able to
replicate the micrometeorology in the required detail.

The new technique presented in this study is a useful tool in estimating the urban heat island
contamination in long time series, countering the drawbacks of an observational approach. It would be
very simple and useful to apply this research method to other cities. Furthermore, because of its local
character, the results of this study will be particularly helpful for planners in developing scenarios for
future land cover changes.
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