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1. Executive summary 

 

The purpose of NACLIM’s work package WP42 ‘Impact on Urban Societies’ is to investigate the 

impact of projected climate on urban heat stress, considering health effects in particular. During the 

first one-and-a-half year of the project, the focus of the work was on the selection of target cities, 

on configuring and running an urban climate model (UrbClim), on preparing maps of the required 

urban morphological parameters, and on verifying model output quality by comparing simulation 

results with observed values. All this was reported on in deliverable D42.20, which was submitted 

in April 2014. 

 

The present deliverable (D42.33) describes the work conducted during the past year (May 2014 – 

April 2015). During this period, the main aim was to generate urban climate projections for the 

NACLIM target cities Almada, Antwerp, and Berlin. To achieve this, we first established the 

coupling of the UrbClim model to output fields of Global Climate Models (GCMs) contained in the 

CMIP5 archive – an activity which had been initiated already towards the end of the previous 

reporting period, and which was now refined and completed.  

 

We then used the adapted UrbClim model to conduct simulations of present and future urban 

climate for the three target cities, covering 20-year periods, and considering a forcing provided by 

an ensemble of 11 GCMs. The hourly simulation results, which consumed nearly 15 years of 

computer time and many Terabytes of data, were aggregated to representative heat stress 

indicators for current and future climate conditions, including (1) the annual average number of 

heat wave days, and (2) the upper range (95th percentile) of the daily minimum temperature 

occurring during the summer (May-September).   

 

The results suggest that, towards the end of this century, cities will be groaning under the strain of 

severely increased levels of heat stress.  

 

Indeed, the urban climate projection simulations show that the number of heat wave days in cities 

increases from the current value of a few per year, towards several tens per year at the end of the 

century; this is a nearly a tenfold increase. About half this increase is caused by the overall 

temperature rise associated with global warming, the other half stemming from the urban heat 

island effect.  

 

The following page contains the major outcome of deliverable D42.33, showing the projected 

annual average number of heat wave days for the three target cities for the end of the century, 

under the RCP8.5 climate scenario.  
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Figure 1. Annual average number of 

heat wave days (for the precise 

definition, see the main text) for the 

period 2081-2100, under the RCP8.5 

climate scenario, for Almada (upper 

panel), Antwerp (in the middle), and 

Berlin (below). Horizontal and vertical 

axes denote longitude and latitude 

values, respectively. The dark blue 

areas mostly correspond to water 

surfaces. 
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2. Project objectives 
{Standard Input} With this deliverable, the project has contributed to the achievement of the 

following objectives (see DOW Section B.1.1): 

 

Nr. Objective Yes No 

1 Assessing the predictability and quantifying the uncertainty in 

forecasts of the North Atlantic/Arctic Ocean surface state 
 X 

2 Assessing the atmospheric predictability related to the North 

Atlantic/Arctic Ocean surface state 
 X 

3 Monitoring of volume, heat and fresh water transports across key 

sections in the North Atlantic 
 X 

4 Quantifying the benefit of the different ocean observing system 

components for the initialization of decadal climate predictions 
 X 

5 Establishing the impact of an Arctic initialization on the forecast skill in 

the North Atlantic/European sector 
 X 

6 Quantifying the impact of predicted North Atlantic upper ocean state 

changes on the oceanic ecosystem 
 X 

7 Quantifying the impact of predicted North Atlantic upper ocean state 

changes on socioeconomic systems in European urban societies 
X  

8 Providing recommendations for observational and prediction systems  X 

9 Providing recommendations for predictions of the oceanic ecosystem  X 

10 Disseminating the key results to the climate service community and 

relevant endusers/stakeholders 
 X 

11 Constructing a dataset for sea surface and sea ice surface 

temperatures in the Arctic 
 X 
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3. Detailed report on the deliverable 
The present report is the second deliverable of WP42, and covers the activities conducted during 

the period 1 May 2014 to 30 April 2015. In last year’s report (D42.20), which covered the initial 18 

months of the NACLIM project, we described the urban climate model UrbClim that is used for the 

downscaling, including the results of an extensive validation study performed for the target cities. It 

was found that UrbClim has an accuracy that is comparable to that of more detailed models, while 

it runs at least a hundred times faster. Because of this simulation speed, the UrbClim model is 

unique in its capacity to deal with the long and multiple (ensemble-)simulations that are required in 

the climate projections.  

 

In the remainder of this Section 3, we provide a description of the work done to couple UrbClim to 

an ensemble of Global Climate Model results, and of the resulting urban climate projections. 

Moreover, we show preliminary results of the simulated impact of adaptation measures that rely on 

greening (urban vegetation) and, very briefly, an example of the concrete use of project results.     

3.1 Introduction 
There is growing concern regarding the impact of global climate change on cities. Together with 

drought and flooding, extreme heat stress is perceived as a problem that is projected to increase 

considerably if no action is taken. Indeed, Global Climate Models (GCMs) predict an overall 

increase in air temperature and, consistently, also a rise of the number, frequency, and intensity of 

heat waves (Meehl and Tibaldi, 2004; Diffenbaugh and Giorgi, 2012). Schär et al. (2004) estimate 

that, in the future, extremely hot conditions as occurring in Europe during the summer of 2003 

could become rather common. 

 

Additionally, cities tend to be warmer than their rural surroundings, a phenomenon referred to as 

the Urban Heat Island (UHI), thus exposing urban residents to much higher levels of heat stress 

than people living in nearby rural areas. In particular, night-time temperature differences may reach 

up to 10°C under favourable conditions (Oke, 1997). Considering that cities are home to the 

majority of humans, and that cities are particularly vulnerable because of the concentration of 

infrastructure and economic activities, it is important to increase our understanding of future urban 

climate.  

 

Yet, little or no information is available regarding future urban climate. Especially, climate 

projections at the scale of urban agglomerations are lacking, which is in part related to the 

computational constraints faced by fine-scale climate models. There have been efforts to study the 

response of urban and rural areas to climate change separately by coupling urban surface 

schemes in global climate models (Fischer et al., 2012; Oleson, 2012). However, because of their 

coarse resolution, these models may not capture mesoscale or local features and feedbacks that 

are important for UHI development (Hamdi et al., 2014). 
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Regional climate models with increasingly high resolutions are used to downscale global climate 

scenarios. McCarthy et al. (2012) applied a 25-km resolution model to study the UHIs of several 

cities in the UK under an A1B scenario. Kusuka et al. (2012) used an even higher resolution of 3 

km, but limited their simulations to one month in a study over the largest urban areas in Japan. In 

another study on both urban expansion and climate change with a 2-km resolution mesoscale 

model, Argüeso et al. (2012) found a strong effect on nocturnal temperatures due to urbanisation, 

which enhanced the climate change signal at local scales in Sydney (Australia). Since mesoscale 

models become exceedingly slow because of numerical stability constraints when going towards 

kilometre-scale resolutions, long model integrations are difficult to achieve. Some authors propose 

alternative methods to project the global climate at the regional scale with dynamical and statistical 

techniques, and then simulate the local scale with an offline urban model or boundary layer 

scheme with a resolution of 1km (Hamdi et al., 2014; Lemonsu et al., 2013). 

 

Despite the considerable efforts made, these studies fail to either reach a horizontal resolution high 

enough to resolve urban-scale features, or simulation lengths long enough to deduce sound 

climate statistics. Moreover, all these studies are based on the outputs of only one or two driving 

GCMs, whereas forcing by an ensemble of GCM outputs is required in order to properly represent 

the uncertainty associated with the global climate projections, as recommended by the 

Intergovernmental Panel on Climate Change (IPCC, 2013).  

 

In order to remedy this, and as already described in our previous deliverable (D42.20), a new 

urban climate model UrbClim was developed (De Ridder et al., 2015). The model operates at a 

horizontal model resolution of a few hundred metres, which is unprecedented for this kind of study, 

while achieving an accuracy comparable to that of existing traditional models, but at a speed that is 

more than a hundred times higher. As a result, UrbClim is capable of covering periods long enough 

(tens of years) to deduce relevant climate statistics. 

 

Within WP42, the specific goal of the past 12 months (the period which is the subject of the present 

deliverable report) was  

1. to couple UrbClim to as large as possible an ensemble of GCMs contained in the Coupled 

Model Intercomparison Project 5 (CMIP5) archive of the IPCC, and  

2. to conduct simulations of present (1986-2005) and future (2081-2100) climate conditions, 

considering the Representative Concentration Pathway (RCP) 8.5 scenario, in order to 

assess the evolution of the UHI for the NACLIM target cities Almada, Antwerp, and Berlin; 

3. additionally, upon request by the users, we have performed simulations to evaluate the 

effect of land use changes (greening mostly), on urban climate. 
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Before continuing, we would like to close this section with a few remarks regarding health impacts 

of heat stress because, by considering human exposure to excessive heat stress, the focus of 

WP42 is obviously on the health impacts of (urban) climate change. Heat waves claim more 

victims than any other climate- and weather-related disaster (Borden and Cutter, 2008). A striking 

illustration resides in the comparison between the number of victims of Hurricane Katrina (reported 

to be below 2,000, see Knabb et al., 2005) and those of the European heat wave of 2003, with 

70,000 reported excess deaths (Keller, 2015). Because of the UHI phenomenon, city dwellers are 

at a higher risk for excessive heat stress during hot episodes. Analysis of heat-related mortality 

during the European heat wave of 2003 clearly showed that, in France, heat-related excess 

mortality was markedly higher in urban than in rural areas (Vandentorren et al., 2004), in particular 

in Paris with an excess mortality of 140%. 

 

Of course, a part of heat-related mortality can be relegated to ‘early harvesting’ (the displacement 

of mortality by days or weeks). The argument that the victims concerned would have died soon 

anyway has been used to minimize the impact of heat waves. However, while this may be the case 

for modest heat episodes, for more intense episodes this mortality displacement appears to be 

strongly reduced. Indeed, Saha et al. (2013) concluded that mortality displacement decreased as a 

function of event strength. Toulemon and Barbieri (2008), studying the 2003 heat wave in France, 

found that (as cited by Keller, 2015) “The harvesting effect was modest and accounted for fewer 

than 5,000 of the ‘missing’ deaths in 2004. Of the 15,000 excess death in France, some 4,000 

would have died before the end of 2004 in any event, but the remaining 11,000 would have lived 

(statistically) 8-11 years longer in the absence of the disaster”. Altogether, as a consequence of the 

2003 heat wave, 100,000 lost life-years were estimated for France alone.  

 

In addition, it is important to consider the vulnerability to heat stress of the youngest in society. 

Indeed,  even though most health impact studies focus on the elderly population, infants and small 

children are particularly vulnerable to heat stress, see, e.g., Kakkad et al. (2014). 

 

In the sections below, we give an overview of the UrbClim-GCM coupling methodology, and of the 

results obtained from the urban climate projection simulations. Moreover, we will show results of a 

few sensitivity studies considering the impact of urban vegetation on urban heat stress.    

3.2 Coupling the UrbClim model to GCM output fields 
 

3.2.1 The UrbClim model – a brief reminder 

Even though the UrbClim model was described previously in D42.20, we provide a summary here 

for the sake of completeness. UrbClim is an urban climate model designed to simulate and study 

the UHI effect and other urban climate variables (wind speed, humidity, …) at a spatial resolution of 

a few hundred metres (De Ridder et al., 2015). The model performs a dynamic downscaling of 
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large-scale meteorological fields to agglomeration-size domains. It consists of a land surface 

scheme containing simplified urban physics, coupled to a 3-D atmospheric boundary layer module. 

The latter is tied to synoptic-scale meteorological fields through the lateral and top boundary 

conditions, to ensure that the synoptic forcing is properly taken into account. The land surface 

scheme is based on the soil-vegetation-atmosphere transfer scheme of De Ridder and 

Schayes(1997), but is extended to account for urban surface physics. This urbanisation is 

accomplished by representing the urban surface as a rough impermeable slab, with appropriate 

values for the albedo, emissivity, thermal conductivity and volumetric heat capacity, and thermal 

roughness length (De Ridder, 2006; De Ridder et al., 2008; De Ridder et al., 2012).   

 

The land surface scheme takes part of its input variables (wind speed, temperature and specific 

humidity close to the surface) from values simulated in the atmospheric boundary layer model, a 3-

D model of the lower atmosphere, extending to a height of a few kilometres. This model is 

represented by conservation equations for horizontal momentum (considering zonal and meridional 

wind speed components), potential temperature, specific humidity, and mass (involving the vertical 

wind speed component). Pressure fields are not calculated internally, but prescribed from a large-

scale host model from which UrbClim receives its boundary conditions, hence only the synoptic-

scale pressure gradient is accounted for. By doing so we avoid the complexities associated with a 

full mesoscale meteorological model. More importantly, it allows the use of much longer time 

increments in the numerical solver, and a lower model top (since no absorbing layer is required to 

damp gravity waves), which makes the model much faster. 

 

The spatial distribution of land cover types, needed for the specification of required land surface 

parameters, is taken from the CORINE land cover data for Europe (European Commission, 2013). 

The percentage urban land cover is specified using the Urban Soil Sealing raster data files 

distributed by the European Environment Agency. Maps of vegetation cover fraction are obtained 

from the Normalized Difference Vegetation Index (NDVI) acquired by the MODIS instrument on-

board the TERRA satellite platform. Vegetation cover fraction is specified as a function of the NDVI 

using a linear relationship proposed by Gutman and Ignatov (1998), and then interpolated to the 

model grid. Terrain elevation data are taken from the GMTED2010 Dataset (Danielson and Gesh, 

2011), which has a global coverage and is freely available. 

 

The UrbClim model has been subjected to exhaustive validation, considering a variety of simulated 

quantities including energy fluxes, wind speed, 2-m air temperature and urban-rural temperature 

differences. In D42.20, we already described validation results for the NACLIM target cities 

Almada, Antwerp, and Berlin. Apart from these, since then and in other projects we have 

conducted validation experiments for the cities of Ghent, Toulouse and Bilbao (De Ridder et al, 

2015), Brussels (Lauwaet et al., 2015), Athens (Kourtidis et al., 2015), Skopje (Sanchez et al., 

2015), and London (Zhou et al., 2015). When considering the UHI intensity (i.e., the urban-rural 
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temperature difference), it was found that hourly UrbClim results, when compared to observed 

values, and despite the very different urban forms and geographic areas considered, very 

consistently exhibit  

• a root mean square error of around 1 °C,  

• a bias of a few tenths of a °C at most, and  

• a correlation coefficient of approximately 0.7,  

 

from which we conclude that the UrbClim model performs satisfactorily. Apart from this, we would 

like to stress the model’s unique capacity to conduct the long simulations required in climate 

simulations, which will be described next.   

 

3.2.2 Selection of GCM data 

In NACLIM, the UrbClim model is applied to simulate a 20-year reference period (1986-2005) and 

a future period (2081-2100), directly driven with either meteorological data from the ERA-Interim 

reanalysis of the European Centre for Medium-range Weather Forecasting (ECMWF), or with GCM 

output fields from the CMIP5 archive of the IPCC. The study focusses on the summer months 

(June-July-August), since this is the period when the highest temperature events and strongest 

UHIs occur. Each year within these 20-year periods is simulated separately, initializing UrbClim 

simulations on 1 May at 0000 LT, resulting in a one-month spin-up before the start of the analysis 

on 1 June each summer, so as to ensure model equilibrium between external forcing and internal 

dynamics, especially in terms of soil variables. Initial soil temperature and soil moisture data are 

taken from the driving ERA-Interim reanalysis or GCM, respectively. 

 

In order to make urban climate projections for the future (2081-2100), we need to rely on GCM 

output fields instead of the ERA-Interim forcing which is used as a forcing for the UrbClim model 

for the reference (1986-2005) period. The model requires forcing by an ensemble of GCM outputs, 

in order to properly represent the uncertainty associated with the global climate projections. This 

way, it is possible to obtain mean (or median) values and tendencies, together with an uncertainty 

range. The IPCC’s (2013) 5th Assessment Report (AR5) report also substantiates this as good 

practice, highlighting that the agreement between ensemble means and climate data exceeds the 

agreement with any single climate model by a large amount. 

 

The AR5 further identifies four climate scenarios, ranging from a very strong mitigation scenario 

(RCP2.6) to a business-as-usual scenario (RCP8.5). Due to CPU-limitations, we have only 

considered climate projections using the RCP8.5 scenario. (It should be noted that, despite the 

remarkable simulation speed of the UrbClim model, it still took around 15 CPU-years to conduct 

the urban climate projections described below – fortunately the simulation suite could be efficiently 

disaggregated and run on VITO’s computation cluster containing hundreds of processors). Based 
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on what is available in AR5, it is reasonable to assume that, to first order, results for other RCP 

scenarios can be estimated simply by scaling between the reference (current) state and the 

RCP8.5 scenario. In any case, the reference case and the RCP8.5 scenario define a range for 

presenting climate projection results. Note that, for the urban climate projections, the ERA-interim 

runs are considered as the benchmark for the future climate projections. Below, it will be explained 

how the ERA-Interim reference period is made to match with the GCM-based reference period. 

Table 1. List of required meteorological input data to drive the UrbClim model. 

Category  Variable 
Required time 
increment 

Surface 

Downwelling short-wave radiation 

3h 

Downwelling long-wave radiation 

Surface air pressure 

Air temperature at surface 

U component of wind velocity at surface 

V component of wind velocity at surface 

Specific humidity at surface 

Total precipitation 

Convective precipitation 

Upper air 

U component of wind velocity 

6h 
V component of wind velocity 

Temperature profile 

Specific humidity profile 

Soil 
Soil temperature 

monthly Soil moisture content 

Sea Sea surface temperature 

 

One of the main difficulties when switching from using ECMWF reanalysis data to CMIP5 GCM 

output fields is that of data availability. Indeed, while the ECMWF data are quite comprehensive, 

e.g., providing vertical profiles with a great level of detail (fine layers, many variables) every three 

hours, data availability in the CMIP5 archive is much more limited. The minimal input requirements 

of the UrbClim model sets a constraint on the GCMs of which outputs can be used to make urban 

climate projections. Table 1 provides a list with the necessary meteorological input parameters and 

the minimal time increment required for these variables when using them as forcing input for 

UrbClim. 

 

Following a detailed scrutiny of the CMIP5 archives it was found that 11 GCMs provide output in 

which all required parameters are available at a suitable time increment. The list of GCMs used 

and their grid increment size is shown in Table 2. 
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Table 2. List of GCMs used to drive the UrbClim model. 

Model Institute ∆Lon (°) ∆Lat (°) 

ACCESS1.0 CSIRO / BOM 1.875 1.25 

BNU_ESM BNU 2.8125 2.79 

CCSM4 NCAR 1.25 0.94 

CNRM_CM5 CNRM 1.40625 1.4 

FGOALS-G2 CAS 2.8125 2.79 

GFDL-ESM2M GFDL 2.5 2.02 

GISS-E2-R NASA 2.5 2 

HadGem2-ES MOHC 1.875 1.25 

IPSL-CM5A-MR IPSL 2.5 1.2676 

MIROC-ESM-CHEM Univ. Tokyo 2.8125 2.79 

MRI-CGCM3 MRI 1.125 1.1121 

 

 

3.2.3 Construction of vertical profiles 

(Note that in our previous deliverable, D42.20, a preliminary description was already given of the 

way we construct vertical atmospheric profiles based on the available GCM fields. However, that 

procedure has now been completed and refined, so we provide a full description here, even if this  

causes some overlaps with the previous deliverable – but we do this for completeness and clarity.)  

 

Although the CMIP5 archives provide 6-hourly vertical profiles, it should be noted that we cannot 

simply and solely use the 6-hourly profiles as external driving fields for the UrbClim model. Indeed, 

the 6-hourly frequency is far from sufficient, as UrbClim requires a forcing with a well-resolved 

diurnal cycle. This is particularly important in the context of urban climate modelling, which 

attaches much importance to the daily minimum and maximum temperatures, which clearly cannot 

be properly contained in data available at 6-hourly intervals only. Even the three-hourly interval we 

aim for is perhaps a bit limited, but no finer temporal resolution is available within CMIP5 (at least 

not for a sizeable ensemble of GCM results). From our experience with the ECMWF’s 3-hourly 

forcing frequency, we know at least that UrbClim results obtained with this forcing frequency 

compare favourably with observations. One of the challenges is therefore to reconstruct the vertical 

profiles of the required quantities on a 3-hourly time frequency, based on the 6-hourly information 

available in the CMIP5 archives. 

 

A first step is to make the 6-hourly profiles uniform, since there are two different types of vertical 

level definitions in the output data of the GCMs. For some models the data is provided on hybrid 

sigma pressure level systems. In these systems, the output data is provided on scaled pressure 
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levels, whereas the (geopotential) height of the pressure levels is not part of the output of the 

GCMs. It must therefore be calculated using the hypsometric equation, 

 

ℎ = 𝑅
𝑔
𝑇 � ln �𝑝𝑠

𝑝
�           

 

where h indicates the height above the surface, p the pressure at height h, ps is the surface 

pressure, 𝑇� the layer mean virtual temperature and R and g denote the gas constant for air and the 

gravitational acceleration, respectively. Other models make use of a hybrid height level systems. 

Similarly to the definition of the pressure in hybrid pressure systems, the level height is now 

defined as a function of the terrain height and some coefficients, such that the lowest levels closely 

follow the terrain height, while the higher levels are more or less constant with respect to the mean 

sea surface height. In these hybrid sigma height level systems, the pressure of the model levels is 

not provided, and hence the hypsometric equation is once more used to provide a link between the 

level pressure and the level height. 

 

In summary, using the hypsometric equation, the formats of all the vertical profiles can be 

equalized. These rescaled 6-hourly vertical profiles for temperature, humidity, and wind velocity 

can then serve as input for a statistical tool to compose 3-hourly profiles. This statistical approach 

however not only uses the 6-hourly profile, but also 3-hourly surface quantities (in particular the 

turbulent energy and momentum fluxes). Indeed, while for the selected GCMs the vertical profile 

data are available at 6-hourly time step, surface quantities (including the turbulent surface fluxes) 

are available at 3-hourly time step. It is precisely this extra information that provides an aid in 

reconstructing the vertical profiles at the 3-hourly time steps in between a pair of 6-hourly data. 

 

Using these input data, 3-hourly forcing profiles are obtained by means of a regression based on a 

neural network approach. The neural networks were trained with ERA-Interim data covering the 

period 1986-2005, and the method as subsequently validated with independent data, using ERA-

Interim data for the period 2006-2013. In the neural networks we use 6-hourly profiles of 

temperature, wind speed, and humidity, and 3-hourly surface data of the same parameters as 

explanatory variables to interpolate the 6-hourly profile data with. For each variable, a separate 

neural network is established.  

 

3.2.4 Precipitation downscaling  

Thunderstorms producing convective precipitation in summer are characterized by length scales of 

a few kilometres. Such features cannot be resolved by GCMs (resolution of 1°-2°) or ERA-Interim 

(resolution of 0.75°), which therefore apply convection precipitation parameterization schemes. 

These schemes produce correct total rainfall amounts for the grid cell area, but they do not capture 

the local peaks in rainfall, which are important when modelling the local climate. Furthermore, the 
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larger the grid cells, the more drizzle is produced by the model, since there will always be a small 

part of the grid cell where it is raining. Therefore, it is necessary to downscale the rainfall from the 

GCMs to a suitable resolution. Since UrbClim is focusing on temperatures and not on runoff or 

flooding, the peak rainfall amounts are perhaps less important, as long as the total rainfall amount 

is correctly reproduced for the model domain. UrbClim has delivered good validation results while 

being fed with raw ERA-Interim rainfall data, hence we decided to take the spatial resolution of 

ERA-Interim as a reference, and downscale the GCM rainfall data to this resolution. Doing so also 

enhances the comparability of the results. 

 

First, a number of ERA-Interim grid cells is selected surrounding the UrbClim domain, 

corresponding to the resolution of the GCM to be downscaled (e.g. a 3° × 3° GCM grid cell 

corresponds to a 4 × 4 grid cell domain in ERA-Interim). Then all the ERA-Interim reference rainfall 

data (June -August of the period 1986-2005) is used to derive a linear relation between the rainfall 

amount in the 4 × 4 subdomain and the centre grid cell covering the UrbClim domain. This is done 

separately for convective and large-scale precipitation. Subsequently, the slope factors of these 

relations are used. 

 

Subsequently, a histogram is created for precipitation values, using a value resolution of 1 mm, 

reflecting the number of times the total precipitation in the subdomain had the considered value 

while no precipitation occurred in the centre grid cell. As can be imagined, the lower the total 

precipitation, the more ‘0’-values are present in the centre cell. For every class in the histogram, 

the probability of a ‘0’-value in the grid centre is calculated. 

 

Finally, the GCM rainfall data for the grid cell covering the UrbClim domain are selected. For every 

time step when rainfall is present, a random number between 0 and 1 is created. If this random 

number is below the probability of the corresponding histogram class, the rainfall is set to 0. If the 

random number is above the probability threshold, then the rainfall is multiplied with the slope 

factor derived previously. 

 

This way, we are able to significantly reduce the amount of unrealistic rainfall drizzle, while 

increasing the peak rainfall to ERA-Interim standards, and at the same time preserving the timing 

and amounts of rainfall from the GCM. In the example below, we show results from the MIROC-

ESM-CHEM model for the Antwerp domain during the summer of 1986. The peak rainfall is 

increased and the number of very small rainfall events is reduced considerably, resulting in  more 

realistic precipitation values, suitable to force UrbClim simulations. 
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3.2.5 Bias correction 

A first test for the UrbClim simulations forced with input from the CMIP5 GCM fields consists of a 

comparison with simulation results obtained with ERA-interim forcing, for the reference period 

(1986-2005). Of course, a day-by-day comparison is nonsensical but, in principle, the 20-year 

statistics should agree. However, large discrepancies show up, even when considering averages 

over the full period of 20 years. There are many reasons why the UrbClim simulations with model 

output of the GCMs do not match the simulations with ERA-interim as meteorological driver. 

Although the GCMs are improving constantly, they are still far from perfect, especially if one 

concentrates on a specific single location. Moreover, the grids of the GCMs are very coarse 

compared to the ERA-Interim grid, which of course may cause major differences. For instance, the 

height of the grid cell in which the city is located compared to the ERA-Interim grid cell, is often 

very different, especially in mountainous areas. Yet, it is reasonable to enforce that the ERA-interim 

runs should be considered as the benchmark. Therefore, we introduce a bias correction which 

reduces the differences between (1) the urban climate simulated with ERA-interim meteorological 

input, and (2) the urban climate simulated with the GCM as a driver, for the reference period. 

 

The bias correction rescales, for each grid point of the UrbClim domain separately, the mean and 

the variance of the hourly temperatures of the CMIP5 reference run to those of the ERA-interim 

runs for the reference period. A different scaling is applied for each summer month. Hence, we 

rescale T(i,j,t), the temperature in grid cell (i,j) at time t corresponding to month M and hour h, by 

 

𝑇(𝑖, 𝑗, 𝑡) → �𝑇(𝑖, 𝑗, 𝑡) − 〈〈𝑇𝑖,𝑗
𝑀,ℎ〉〉𝐺𝐺𝑀𝑟𝑟𝑟� .

𝜎𝑖,𝑗
𝑀,ℎ|𝐸𝐸𝐸−𝑖𝑖𝑖
𝜎𝑖,𝑗
𝑀,ℎ|𝐺𝐺𝑀𝑟𝑟𝑟

+ 〈〈𝑇𝑖,𝑗
𝑀,ℎ〉〉𝐺𝐺𝑀𝑟𝑟𝑟  

 

where 〈〈𝑇𝑖,𝑗
𝑀,ℎ〉〉𝐺𝐺𝑀  is the mean temperature at hour h during month M according to the UrbClim 

simulations using the GCM, 〈〈𝑇𝑖,𝑗
𝑀,ℎ〉〉𝐸𝑅𝐸−𝑖𝑖𝑖   is the same quantity for the ERA-interim simulation, 

and 𝜎𝑖,𝑗
𝑀,ℎ|𝐺𝐺𝑀 and 𝜎𝑖,𝑗

𝑀,ℎ|𝐸𝑅𝐸−𝑖𝑖𝑖  are the corresponding standard deviations. Using the expression 

above, bias corrected temperature data are calculated for the reference period for all considered 

CMIP5 models.   
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Table 3 provides an overview of the mean bias correction for the target cities and GCMs. Clearly, 

the numbers and trends differ largely, both between cities and between models. 
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Table 3. Overview of the magnitude of the applied bias correction (in °C) on the domain-wide mean 
temperatures for the reference period (1986-2005) for all models and cities. 

 Almada Antwerp Berlin 

ACCESS1.0 -1.1 -1.9 -2.0 

BNU_ESM -6.4 -2.2 -1.7 

CCSM4 -2.4 -0.5 -1.2 

CNRM_CM5 -0.9 -2.2 -3.9 

FGOALS-G2 +0.8 +1.2 -0.6 

GFDL-ESM2M -4.2 +1.2 +0.5 

GISS-E2-R -2.1 +0.7 +0.6 

HadGem2-ES -0.1 -2.8 -4.2 

IPSL-CM5A-MR +1.2 -1.5 -0.9 

MIROC-ESM-CHEM -3.1 -1.3 -1.9 

MRI-CGCM3 -0.5 +0.9 +1.1 

 

The output temperatures for the scenario runs (i.e., climate projections, for which no reference 

benchmark is available) are also rescaled according to the bias correction for the reference period. 

In detail, the output temperatures of the scenario runs are rescaled such that the increase in mean 

temperature and standard deviation in the original (non-bias corrected) output is mimicked in the 

bias corrected versions. Mathematically, this implies 

 

𝑇(𝑖, 𝑗, 𝑡) →

�𝑇(𝑖, 𝑗, 𝑡) − 〈〈𝑇𝑖,𝑗
𝑀,ℎ〉〉𝐺𝐺𝑀𝑠𝑠𝑟𝑖�.

𝜎𝑖,𝑗
𝑀,ℎ|𝐸𝐸𝐸−𝑖𝑖𝑖
𝜎𝑖,𝑗
𝑀,ℎ|𝐺𝐺𝑀𝑟𝑟𝑟

+ 〈〈𝑇𝑖,𝑗
𝑀,ℎ〉〉𝐸𝑅𝐸−𝑖𝑖𝑖 + 〈〈𝑇𝑖,𝑗

𝑀,ℎ〉〉𝐺𝐺𝑀𝑠𝑠𝑟𝑖 −  〈〈𝑇𝑖,𝑗
𝑀,ℎ〉〉𝐺𝐺𝑀𝑟𝑟𝑟  

In the remainder of this study, the urban climate projection results presented are based on bias 

corrected data for both the reference period and the scenario runs. 

 

3.3 Urban climate projections 
In the previous section, the methodology for generating the urban climate projections was 

introduced. Below, an overview is given of selected results from the urban climate projection 

simulations done with UrbClim for Almada, Antwerp, and Berlin. In the presentation of the results, 

we consider two different quantities to express heat stress: 

• The number of heat wave days occurring on average in a year. Many different definitions of 

a heat wave day exist, and to our best knowledge no universally accepted definition stands 

out. We therefore adopted the definition used by the Belgian Federal Agency for Public 

Health, according to which a heat wave occurs whenever the daily minimum and maximum 

temperatures on average over three days, exceed values of, respectively, 18.2 °C and 29.6 

°C. We dynamically adapted these thresholds for the Almada and Berlin domains, taking 
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the corresponding local (rural) temperature percentile values to specify the thresholds. This 

was done to reflect that e.g., people living in the South of Europe generally support higher 

temperatures better than those from Northern areas. Hence, we used the 98th percentiles of 

rural temperatures, of the daily temperature values (minima and maxima) occurring in the 

period May-September. We used the climate statistics of the reference period 1986-2005 to 

establish these threshold temperatures for each of the three cities, using 2-m air 

temperatures contained in the ERA-Interim output fields.   

• The 95th percentile of the daily minimum temperatures, i.e., the value of daily minimum 

temperature that is exceeded 5% of the time in a given period. This corresponds to the 

temperature occurring during warm summer nights. The reason for focusing on the daily 

minimum temperature, which normally occurs at night, is twofold. On the one hand, there is 

evidence of the importance of nocturnal temperature minima for human health, as 

insufficient night-time cooling hampers a person’s recovery from heat stress exposed to 

during the previous day (Dousset et al., 2011). On the other hand, UHI intensity peaks at 

night, hence to be able to pick up a significant urban signal in the heat stress patterns, 

night-time temperature values must be considered.  

 

3.3.1 Results 

Figure 2, Figure 3, and Figure 4 show the main results obtained for the three target cities. In each 

of these Figures, the upper panels shows the annual average number of heat wave days (defined 

as above) as a map, with the left panel giving the value for the current period (1986-2005), and the 

right panel containing the values for the far future (2081-2100), under the RCP8.5 scenario. It 

strikes immediately that, from our projections, the number of heat wave days increases drastically, 

almost by an order of magnitude. Obviously, one should expect a consequent increase in the 

health impacts associated to episodes of extreme heat stress.    

 

The middle panels show (left) the 95th temperature percentile of the daily minimum temperatures in 

the summer, and (right) the number of heat wave days, both as a function of time across the 21st 

century, and considering urban (red) and rural (green) locations within the domain. As mentioned 

before, in this study UrbClim is being driven by meteorological input of 11 GCMs, hence the final 

result consists of an ensemble mean, together with an uncertainty range. Uncertainties are 

indicated using the ‘likely range’ defined in the IPCC report, which constitutes a 5% to 95% range 

(± 1.64 standard deviation) across the ensemble distribution. For all three cities, both the ensemble 

mean rural and urban 95th percentile of the minimum temperature values increase by 

approximately 4.5 °C. Due to the large spread in the GCM results, the uncertainty on the urban 

and rural temperatures is also rather large, which implies that the lower error margin for the urban 

temperature is lower than the mean for the rural temperature, and that the upper error margin for 

the rural temperature is higher than the mean for the urban temperature. Note that, to establish 
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these figures, model results for the period 2025-2045 were included, and an interpolation was 

made to span the periods not covered by the simulations. 

 

Finally, the lower panels show the urban-rural differences of the quantities just mentioned, i.e. the 

95th percentile of the daily minimum summer temperatures (left) and the number of heat wave days 

(right). The urban-rural temperature difference does not quite change over time, i.e. the intensity of 

the urban heat island appears to be rather constant. (More will be said on this in the next section.)  

At the same time, the urban-rural difference in the number of heat wave days increases 

considerably; This is not in contradiction with the quasi-constancy of the temperature difference 

between urban and rural locations. Indeed, the city being warmer than the rural surroundings, the 

thresholds used in the definition for the heat wave days are reached more readily over urban 

terrain. Even at a constant temperature difference (UHI intensity), a rise in background 

temperature will affect this capacity to exceed thresholds differently in the warmer urban areas as 

compared to the cooler rural locations.    

 

Table 4 summarizes the changes in the 95th percentile of the minimum rural and urban 

temperatures and the changes in UHI-intensity between the reference period (1986-2005) and the 

end of the century (2081-2100), based on the 11 GCMs considered here. For all cities, the UHI-

indicator increases, but very slightly only, to the point that the increase is very near the uncertainty 

on this quantity. In any case, the change in the UHI-intensity is much smaller than the change in 

the urban and rural temperatures themselves. Hence, we conclude that the temperature increase 

of the background dominates the urban and rural temperature changes 

Table 4. Change in the UHI intensity between the reference period (1986-2005) and the end of the century 
(2081-2100) under RCP8.5 conditions. The coluln labelled ‘Ref UHI’ gives the average UHI intensities for the 
reference situation. The ‘∆Rural’ and ‘∆Urban’ columns provide values for the projected temperature 
increase, and ‘∆UHI’ is the projected change in UHI intensity. The rightmost column gives the estimated 
uncertainty on the change in the UHI intensity. 

City Ref UHI (°C) ∆Rural (°C) ∆Urban (°C) ∆UHI (°C) Uncertainty (°C) 

Almada 2.47 4.51 4.58 0.07 0.07 

Antwerp 2.30 4.12 4.20 0.08 0.07 

Berlin 2.70 4.53 4.64 0.11 0.09 

 
Returning to the upper panels of the figures shown below, it is clear that, while the temperatures 

increase considerably between the current-day situation and the end-of-the-century scenario, there 

is no appreciable difference in the spatial patterns between the map of the temperature indicator 

for the reference period and the temperature indicator for the future period. This appears to be 

consistent with the fact that the changes in temperature appear to be dominated by the global 

warming signal, affecting the UHI intensity only marginally. In one of the following sections, we will 

briefly explain how this fact can be exploited to design a simple method to generate urban climate 

projections at a drastically reduced computational cost.   
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ALMADA 

 

  

  

Figure 2. Upper panels: average annual number of heat wave days for Almada, under present (left) and 

future (right) conditions. Middle panels: evolution of the rural (green) and urban (red) 95th percentile of the 

daily minimum temperature (left) and annual number of heat wave days (right). The lower panels show the 

urban-rural differences of these two quantities.    
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ANTWERP 

 

  

  
 

Figure 3. As in Figure 2, but for Antwerp.    
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BERLIN 

 

  

  

Figure 4. As in Figure 2, but for Berlin.    
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3.3.2 Quasi-steady UHI intensity 

A somewhat striking aspect of the results presented above is that, while overall temperatures 

increase considerably in the RCP8.5 scenario, the UHI intensity itself does not appear to change 

much with climate change, as observed rather consistently among all cities considered here. This 

is puzzling, given (1) that GCMs predict an increase in the intensity, duration, and frequency of 

heat waves, and (2) that UHI intensity normally increases during heat waves; hence, it would 

appear straightforward to assume an increase also in the average UHI intensity. Yet, this increase 

of UHI strength is not observed in the simulation results. 

 

A possible explanation involves downwelling longwave radiation. Indeed, with an increasing 

amount of greenhouse gases in the atmosphere, the downwelling longwave radiation is also 

projected to increase. It has been reported before by Oleson et al. (2012) that increased longwave 

radiation warms rural areas more than urban areas at night. In a sensitivity study done for the 

Brussels area, Lauwaet et al. (2015a) demonstrated that the increase of air temperature near the 

ground following enhanced radiation is much more effective over rural areas than over urban 

areas. In other words, the extra downwelling longwave radiation that results from the enhanced 

amount of greenhouse gases typically yields a higher temperature increase over rural areas than 

over a city. 

 

The reason for this behaviour is that, at night-time, vertical temperature profiles in rural areas are 

generally characterized by a more or less strong inversion, the stability of which inhibits much 

vertical mixing. The extra heat at the surface, caused by the enhanced longwave radiation 

absorption, is therefore distributed over a relatively small vertical extent, thus resulting in a rather 

strong increase in temperature. Over urban areas, which have a rather neutral or even slightly 

positively buoyant temperature profile, the extra heat is distributed over a much larger vertical 

domain, i.e., the heating is much ‘diluted’, so to say, yielding a much lower temperature increase. 

This mechanism can explain why we find little changes in the overall UHI intensities whereas 

meteorological variables from the GCMs support stronger UHIs. 

 

Previous reported research on this topic came to similar conclusions. Fischer et al. (2012) and 

Oleson (2012) studied the effect of several greenhouse gas scenarios on UHI intensities by the 

end of the century on a global scale, and also found little changes in the UHI values as the urban 

and rural areas showed a similar warming trend. McCarthy et al. (2012) also obtained rather 

constant, although not static, UHI values for the cities in the United Kingdom under climate change 

conditions in their regional climate model simulations. Lemonsu et al. (2013) and Hamdi et al. 

(2014) reported a relatively strong decrease in the night-time UHI intensities of Paris (-1°C) and 

Brussels (-0.36°C), respectively. They could attribute these changes to a large reduction of the 

summer rainfall amounts by the end of the century in their simulations, strongly diminishing the 

evaporation from vegetation and soils in the rural areas, which gives rise to higher rural 
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temperatures and hence a smaller UHI. However, only 1 driving GCM was used in their studies, so 

they could not estimate the resulting dispersion with respect to alternative global climate models. 

 

It should be noted that our simulations (as well as the studies discussed above) did not account for 

potential future urban growth, an effect that typically would increase the urban-rural temperature 

contrast. 

 

 

3.3.3 Statistical approach  

In spite of UrbClim’s lightning speed (at least, as compared to traditional urban climate models), 

performing the urban climate projections is still a time- and computation-demanding task. Using the 

ensemble approach, simulating future urban climate for a medium-sized city like Antwerp with a 

spatial resolution of 250 m takes approximately 3 CPU years; for large cities such as Berlin it is 

much longer. Moreover, processing 3-hourly CMIP5-data for the parameters that are required by 

UrbClim is a time consuming task. Due to the huge amount of GCM-data, the processing is very 

slow and labour-intensive. Given the heterogeneity between the outputs of the different GCMs, 

considerable manual intervention is required, thus limiting the possibility of automating the process. 

Taking these issues into consideration, we worked out an alternative method for the UrbClim 

simulations, in which the future urban climate is obtained by statistically rescaling the current urban 

climate. 

 

The statistical urban climate projections proceed in two steps. In a first step, UrbClim analyses the 

current urban climate in the same way as described above. The model downscales the ERA-

Interim reanalysis data for the reference period 1986-2005 and computes the impact of urban 

development on the most important weather parameters. Subsequently, the effects of climate 

change are added in a statistical way: daily minimal temperatures are rescaled according to the 

temperature changes observed in an ensemble of GCMs. In order to obtain an as simple as 

possible procedure, only temperature changes are taken into account and we simply neglect the 

alteration of other meteorological parameters, such as humidity, precipitation and wind. 

 

More in detail, we first determine, for each of the considered GCMs, the change of the daily 

minimum temperature in function of the percentile of the temperature. For instance, we determine 

the difference between the 75th percentile of the daily minimal temperature in the future period 

(2081-2100) and the reference period (1986-2005). Subsequently, an ensemble average is 

performed. Since the different GCMs use different grids, this procedure involves an interpolation of 

the data to a regular lon-lat grid.  

 

In order to obtain daily temperature time series for the future, the ensemble temperature change 

statistics and the results of the current urban climate analysis are combined. For each day, the 
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daily minimal temperatures of all the grid cells are rescaled according to the rescaling of the 

associated temperature percentile of the rural temperature. For instance, if the rural value of the 

minimal temperature of a day accords with the 75th percentile of all minimal temperatures for the 

reference period, we add the increase of the 75th percentile (according to the ensemble statistics) 

to the minimal temperature of that day, for all the grid cells. Note that we make use of the rural 

value of the temperature to determine the rescaling, since we assume that the output of the GCMs 

corresponds with this value (i.e., with the temperature without the added effect of the urban 

development). 

 

  

Figure 5. 95th percentile of the daily minimum temperature occurring in the summer (May-September), for 

Antwerp during the period 2081-2100, based on the statistical method (left), and the differences with the 

results obtained with the ‘full’ method based on forcing by the 11 GCMs (right). 

 

This procedure results in a rescaled temperature time series for 20 years, which is used as the 

temperature series for the future climate. So, finally, the temperature indicator and the UHI-effect 

can be calculated in the same way as before, but with the rescaled temperature series as input. 

Figure 5 presents the resulting map for the city of Antwerp, as well as the spatial differences with 

results of the full GCM-driven ensemble. There is a very good agreement between the previously 

obtained results of the urban climate projections and the new statistical methodology. The 

differences between both maps are rather small, with absolute values below 0.5°C, which is 

smaller than the uncertainty in the mean value from the 11 GCMs ensemble, and which amounts to 

0.63°C. (The uncertainty in the mean value is calculated by dividing the variance of the ensemble 

by the square root of the number of ensemble members.) The difference map shows a remarkable 

SW-NE pattern, which can be explained by the dominant wind patterns in the simulation results. 

Whereas the dominant wind direction in the ERA-Interim simulations is S, SW and W, leading to 

advection of heat from the city to the downwind part of the model domain, the dominant wind 

direction in the future changes in most of the GCMs to N and NE. Since these changes are not 
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taken into account in the statistical method, they become apparent on the difference map. But, still, 

these effects are smaller than the uncertainty on the results, hence quite acceptable. 

 

The method described above provides a rather crude methodology to obtain a temperature series 

which can be used as an example time series for the future climate. The new time series only 

takes into account the (ensemble mean) temperature change. However, since the end result is 

statistically similar to the regular urban climate projections, at least for the city of Antwerp, a broad 

range of advantages appears. Firstly, this new methodology is much, much faster than running the 

complete UrbClim climate projections. For a small city as Antwerp, a procedure which requires 

approximately 3 CPU-years, can be performed in a CPU-week. Secondly, since only daily 

minimum temperatures are used, the amount of required GCM-data is reduced significantly, which 

makes the method easily applicable on a global scale. Therefore, we conclude that this method is 

suitable to quickly produce a first approximation for the future urban temperatures and the future 

UHI-effect. 

 

3.4 Impact of greening scenarios 
 

3.4.1 Sensitivity study  

In this section, we briefly describe some work and preliminary results of the impact of land cover 

changes, and in particular those related to changes in the amount of vegetation, on simulated air 

temperature patterns. While such activities had not been scheduled initially, the users very 

convincingly made a case to include scenarios that could serve as inspiration for urban climate 

adaptation measures. Moreover, since the users independently and (between them) very 

consistently came up with this request, we could not put this aside, and agreed to work on this 

issue.  

 

To start, we did a sensitivity study, considering the overall vegetation abundance in the city as a 

driver, and taking Antwerp during the summer of 2011 as a study case. In this study we first 

considered the reference situation, using the actually observed vegetation fraction cover patterns 

(obtained from a satellite vegetation index as explained previously). Subsequently, we ran the 

same simulation again, changing the amount of urban vegetation by setting a lower limit of 60% on 

the vegetation cover occurring in the domain. It should be noted that this is a rather drastic change 

compared to the reference situation, in which the vegetation within the urban core descends to 

values around 30%. Yet, the goal of this exercise is not so much to evaluate a realistic adaptation 

measure, but rather to set limits to what can be maximally achieved by greening the city. Note that 

our analysis focuses on night-time temperatures as (1) the UHI effect is strongest at night, and (2) 

there are indications that nocturnal temperatures, even though lower than daytime values, are 

more determinant when it comes to the impact on human health (Dousset et al., 2011).  
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Figure 6. Vegetation cover for July (left) and average midnight temperature in the period May-September 

2011 (right), for the reference situation (upper panels), and for a situation with enhanced urban vegetation 

(lower panels).  

 

Figure 6 contains the results from this sensitivity study, showing that an increase from approx. 30% 

to 60% vegetation cover in the city lowers the temperatures locally by around 0.6 °C (from 18.5 °C 

to a bit less than 18 °C). This may appear a bit low, given that the ‘total’ UHI intensity amounts to 

about 2.5 °C (difference between the urban value of around 18.5 °C and the rural darkish blue with 

approximately 16 °C), and one would hope that increasing vegetation from 30 to 60% would induce 

a larger temperature benefit. However, one should keep in mind the roughness effect. Indeed, 

while the cooler rural areas (blue colours) exhibit temperature values of around 16 °C, the rural 

forested areas around the city come out as yellow-green, i.e. rather 17 °C. The drop in temperature 

of 0.6 °C induced by a relative change in vegetation of 30% (from 30% to 60%) is rather consistent 

in relation to this.  The reason for using the forested areas as rural reference is that they have a 

similar roughness length as the urban areas, and roughness length does matter here. Indeed, over 

rough surfaces vertical mixing is enhanced, so that night-time temperatures do not nearly descend 

as low as over flat and smooth areas. 
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As a conclusion to this brief exercise, it is fair to say that greening the city does have an impact, 

but to a limited extent only, as the city’s roughness also limits the cooling at night, hence not a very 

large reduction in the UHI intensity can be achieved, unless the urban roughness length is also 

reduced. Stated otherwise, unless urban built-up areas can be replaced by smooth vegetation 

(e.g., extensive grass cover), the temperature gain obtained by greening will be modest. 

 

Of course, an important caveat is on order here. Indeed, by only have considering nocturnal air 

temperature in the characterisation of the UHI intensity, we ignore aspects of heat stress, such as 

the fact that vegetation creates shadow during the daytime, thus contributing to a reduced human 

exposure to heat. Yet, to account for such effects would require the use of detailed 3-D urban 

canopy models, which are fraught with other types of limitations, such as their inability to cover the 

whole city (computational restrictions generally limit the use of such models to domain sizes of a 

city quarter at best).  

 

 

3.4.2 Extraction of urban morphology indices for urban planning scenarios 

As mentioned in the previous deliverable “D42.20 - Report on the first subset of urban climate 

simulation results”, land surface parameters such as e.g. the planar and frontal area indices that 

are required as input for the UrbClim model can be extracted from detailed 3-D city cadastres. 

These indices represent urban morphological characteristics and have been calculated for all three 

use case cities (i.e., Antwerp, Almada and Berlin) for the present situation using the methodology 

described in D42.20. This section describes how near-future urban planning scenarios can be 

analysed by updating the urban morphology indicators based on the information found in the urban 

plans provided by the end-users. 

 

The base information for analysing urban planning scenarios has been provided by each use case 

city and concerns the geographical delineation of the urban plans together with a description of the 

intended land use and where possible an indication on the future population. The year 2030 has 

been taken as the timeframe over which the urban plans will be realised. In a first pre-processing 

step, all urban planning datasets have been converted into GIS polygon layers with a consistent 

data format and with varying levels of detail depending on the specific use case city. 
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Figure 7. Urban planning data for the city of Berlin with an indication of the intended land use (left panel), 

delineation of urban plans for the cities of Antwerp and Almada (right panels). 

 

For the present situation, the considered urban morphology indices within the study areas have 

been calculated directly from the 3-D cadastral data provided by the users. However, for the urban 

plans (projections) these data were not available and hence an alternative approach has been 

elaborated to update the land surface parameters for the impacted areas. 

 

First of all, every urban plan is assigned a future land use based on the available description, as 

provided by the users. Next, each identified future land use is coupled to one or more relevant land 

use categories that are present in the land use map for the current situation. In order to limit 

computation time, the urban plans are overlaid with the 250m UrbClim model grid and only the 

zones delineated by the impacted cells are retained for the rest of the analysis. For grid cells that 

do not intersect with the urban plans, the values of the urban morphology indices for the near 

future scenario remain unchanged (i.e. taken the same as for the current situation). 

 

For the grid cells that are covered by the urban plans, a future degree of soil sealing has been 

estimated taking into account whether future population density figures are available for new of re-

developed habitation areas. In case no future population data is available, the future degree of soil 

sealing is estimated as the average soil sealing level over all grid cells with a similar land use and 

based on the current situation. If future population data is provided, the future degree of soil 

sealing is estimated from an established relationship between the Degree of Soil Sealing dataset 

(EEA) and the present population density figures. By using this approach, the resulting urban 
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morphology indices within habitation areas can be differentiated based on the future population 

density values. 

 

 

Figure 8. Relationship between the degree of soil sealing (EEA) and the population density (current situation) 

over Antwerp. 

 

Finally, the values of land surface parameters for the near future situation including the urban plans 

are estimated based on the future degree of soil sealing (see above) and the established 

relationships between the soil sealing level (EEA) and the considered urban morphology index 

(see report D42.20). 

 

Again, in case projected population figures are available for future habitation areas the approach is 

slightly different to capture differences in population density evolutions over time and to benefit 

from the existing city layout information (3D cadastral data). In a first step, the change in population 

density between the current and the future situation is related to a change in soil sealing degree.  

Next, the change in soil sealing degree is related to a change in the considered urban morphology 

index using the established relationships between the soil sealing level (EEA) and the considered 

urban morphology index (again, see report D42.20). As a result, an evolution factor r can be 

defined as the ratio between the future and the present values. 
 

𝑟 =
𝑃𝑃𝑃𝑓𝑓𝑖𝑓𝑓𝑓∗

𝑃𝑃𝑃𝑝𝑓𝑓𝑝𝑓𝑖𝑖∗  
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To estimate the value of the urban morphology index (e.g. planar area index – PAI) for the future, 

this evolution factor is applied to the current value. 

 

𝑃𝑃𝑃𝑓𝑓𝑖𝑓𝑓𝑓 = 𝑟 × 𝑃𝑃𝑃𝑝𝑓𝑓𝑝𝑓𝑖𝑖 

 

 

Figure 9. Relating the change in population density to a change in soil sealing degree (left panel), estimation 

of the evolution factor for the planar area index (PAI) from a change in soil sealing degree values (right 

panel). 

 

The figure below illustrates the result of updating existing land surface parameters (e.g. planar and 

frontal area indices) for the urban plan around Berlin Airport Tegel. The southern part of the airport 

will be redeveloped as trade / industry area leading to increased values for the planar and frontal 

area indices for the part that was previously covered by vegetation (grass). 

 

 

Figure 10. Updating the planar and frontal area indices over Berlin Airport Tegel based on urban planning 

data for the year 2030. 
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3.4.3 Greening scenarios – local aspects 

In the next experiment, we ran a series of localized land use change scenarios with the UrbClim 

model, in order to assess their impact on the UHI and the number of heat wave days, both under 

current and future climate conditions. There are three main questions we want to answer with this 

experiment: 

 

• What type of effect can we expect from localized land use changes with the UrbClim 

model? 

• How does the statistical method (Section 3.3.3) compare to the full set of GCM calculations 

for this type of exercise? 

• What general lessons can we (and / or the end users) learn from this exercise? 

 
Use was made of the Antwerp domain to conduct the sensitivity (scenario) study. 

 
 
“The scenario” 
 

Since the focus of the three cities towards the future is mostly on the expansion of the urban areas 

and the implementation of green areas in the city core, we have limited our scenario to these type 

of changes. Changes from/to water are problematic when considering the future scenarios, so we 

have left these out of the scenario. The cities have not given any indication of considering these 

type of changes anyway. The resulting scenario map (Figure 11) shows the location of the changed 

areas, which include large and small changes distributed over the area, both close to and far from 

the city center. New urban, suburban and industrial areas are added. Urban greening is limited to 

the city center itself, where a range from small to large parks are added. Note that we have made 

the changes to the surface file with the generic ESA data and not the more detailed one from GIM, 

since the full GCM future scenarios are only calculated for the generic data and we need to include 

these when answering question 2. 

 

Of course, land use is only one of the input parameters, the new areas need values for the other 

ones as well. Instead of using only one typical value per land use type (which would look 

unrealistic in our opinion, especially for the large areas), we opted to give each changed grid cell 

the parameters of a randomly chosen grid cell from the corresponding land use type. In this way, 

the changed areas have a realistic range of parameter values, from which a lot of statistics can be 

obtained. The drawback of this method is that the result looks a bit spotty, especially for the 

vegetation cover and soil sealing (Figure 12). 
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Figure 11. The land use scenario map of Antwerp (left) and the location and original land use types of the 

changed areas (right). 

 

 

Figure 12. Vegetation cover, soil sealing and roughness length of the land use change scenario. 

 
“What type of effect can we expect from land use changes with the UrbClim model?” 
 

To answer this question, we looked at the effect of the changes over 20-year periods (1986-2005 

and 2081-2100) on the average daily mean, maximum and minimum temperatures for the summer 

period (June-August), as well as on the yearly mean number of heat wave days (HWD), a good 

indicator for changes in the extreme values, also see above. Figure 13 and Figure 14 show the 

difference maps between the reference and the scenario simulation for the period 1986-2005 

(ERA-Interim based) and 2081-2100 (statistical method – see Section 3.3.3), respectively. It is 
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clear from these figures that, when looking at averages, the effects are limited to the location of the 

land use changes, and do not have an impact on the wider environment. Furthermore, the effects 

are rather limited, with mean temperature changes up to 1.5 °C for large urbanized areas and -0.4 

°C for parks. The effect is a bit larger (up to 2 °C and -0.5 °C) for the daily minimum temperatures. 

Again, this is consistent with previous experiments and the literature. Keep in mind that the mean 

night-time UHI intensity of the Antwerp city centre is around 3 °C, so in that regard the changes are 

certainly significant. The impact on the number of HWD is comparable, with changes up to 1.5 and 

-0.3 days, as compared to average city-centre HWD values of around 2. 

 

Figure 13. Differences between the reference situation and the scenario for the period 1986-2005. 

 

Regarding the simulations of future conditions, the effect of the land use changes on the average 

temperature values is quasi exactly the same as for the current period (so is the UHI). The effect 

on the number of heat wave days is much larger, but the overall number of HWD for the city centre 

has increased to around 20, so the relative effect is comparable to the present day. 
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In conclusion, urbanisation has an effect of up to 2 °C on the average temperatures in UrbClim, 

which is consistent with reported measurement and modelling studies. This may not seem much, 

but it is significant with respect to the average UHI effect around 3 °C. The construction of (large) 

parks in the city centre brings local cooling of up to 0.5 °C in UrbClim, which is lower than what is 

reported in the literature (effects up to 1.5 °C) and further demonstrates the needs to include 

shading effects in UrbClim in order to highlight the benefits of green. 

 

Figure 14. Differences between the reference situation and the scenario for the period 2081-2100, based on 

the statistical method. 
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“How does the statistical method of Section 3.3.3 compare to the full set of GCM 
calculations for this type of exercise?” 
 

It turns out it compares quite well. First, Table 5 gives an overview of the domain-averaged values 

for results obtained with full forcing by the 11 GCM models, just to get a feeling of the spread in the 

results (which is huge) and to have a reference. 

 
 

Table 5. Overview of the (‘full’) GCM driven UrbClim results for the reference Antwerp domain for the 
2081-2100 period. 

Model Tmean Tmax Tmin # HWD 

ACCESS1.0 24.6 29.1 19.5 29.3 

BNU-ESM 24.9 28.9 20.6 32.6 

CCSM4 22.5 26.5 18.1 11.8 

CNRM-CM5 22.8 26.8 18.6 15.1 

FGOALS-G2 20.3 23.3 16.9 2.0 

GFDL-ESM2M 20.2 22.7 17.0 3.4 

GISS-E2-R 21.5 24.4 18.2 3.6 

HADGEM2-ES  26.9 31.3 22.1 48.8 

IPSL-CM5A-MR 24.4 27.9 20.5 19.3 

MIROC-ESM-CHEM 25.6 28.6 22.5 25.6 

MRI-CGCM3  20.1 22.8 16.9 0.5 

Mean 23.1 26.6 19.2 17.5 

 

In Figure 15, the same difference maps are shown as above, but this time based on the means 

from the 11 GCM model-driven UrbClim runs. When comparing both figures, you are invited to play 

a game of ‘find the 7 differences’; and indeed they look very similar. To explore this in more detail, 

Figure 16 shows the differences between both. Regarding the average temperatures, the 

differences are very small and not significant. Only for the minimum temperatures, you can see 

that the statistical method shows a slightly (0.2 °C) stronger warming in the urbanized areas. The 

differences for the number of HWD are larger (up to 2 on a total of 20), and again it is the statistical 

method that slightly overestimates the effect in the urbanized areas. 

 

Hence, the statistical method seems suited to use for the NACLIM experiments considering the 

impact of land use changes and adaptation measures. This will save an enormous amount of 

calculation time and allows for more scenarios to be run. Keep in mind that this method slightly 

overestimates the impact on the minimum temperatures and HWD compared to the full set of GCM 

simulations, but the differences are definitely within the uncertainty range. 
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Figure 15. Differences between the reference situation and the scenario for the period 2081-2100, based on 

the full set of GCM simulations. 
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Figure 16. Differences between the full set of GCM simulations and the statistical method difference 

(change) maps. 
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“What general lessons can we learn from this exercise?” 
 

Initially, the idea was to look for simple relations between the amount of soil sealing and/or 

vegetation cover change and the corresponding temperature effect, which could be used by the 

end users to perform a quick estimation for new development projects. It turned out that the results 

were all over the place and correlations were low. However, when the original land use is taken into 

account, clear patterns emerge out of the chaos (Figure 17). As can be seen, in areas with a low 

roughness length (grassland and cropland) much larger temperature effects can be expected than 

in areas with higher roughness lengths (forests and urban green).  

 

 

 

 

Figure 17. Relation between the change in soil sealing and the daily minimum temperature for the three 

types of urbanisation, classified according to the original land use type. 

 

When looking at Figure 17, it would appear that the type of urbanisation (conversion to dense 

urban, suburban or industrial) does not matter much for the maximum temperature reduction 
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effects that can be achieved within each original land use class. Therefore, and in order to have a 

larger number of data points, all the urbanisation data are taken together to define the 

relationships. In Figure 18 and Figure 19, the relation between the temperature effect and changes 

in soil sealing or vegetation cover are explored for each initial land use class. The correlation 

coefficients are high, especially for the soil sealing changes, which means these relations are 

robust and could be used to quickly estimate the expected effect of land use changes. These data 

can be built upon by adding more from other land use change scenarios, and comparisons 

between the different cities can be made. 

 

 

Figure 18. Relation between the change in soil sealing and the daily minimum temperature for all urbanized 

grid cells, classified according to the original land use type. 

 

 

Figure 19. Relation between the change in vegetation cover and the daily minimum temperature for all 

urbanized grid cells, classified according to the original land use type. 
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Finally, a similar exercise was done for the conversion of urban area to urban green (Figure 20), 

but given the lower number of data points and smaller variability in the input parameters, the 

relations are less robust. 

 

  

Figure 20. Relation between the change in soil sealing (left) or vegetation cover (right) and the daily 

minimum temperature for all greened grid cells. 

 

In cocnlusion, this experiment allows to evaluate if a large park has an additional temperature 

effect over a small park, since we created parks with different surface area sizes and comparable 

changes in land cover (all from dense urban to urban green) and vegetation cover (all grid cells 

from nearly 0 to almost 100%). When calculating the area-mean temperature effect for all parks 

(Figure 21), it is clear that the large park (1 km²) creates an additional cooling effect of 0.1 °C 

compared to the small (0.06 km²) parks. This means that when cities envisage optimal city-wide 

cooling results, it is better to create one big park than several small ones. Most probably the same 

is true for urbanized areas (i.e., enhanced warming effect in large urbanization projects), but since 

the urbanized areas in our scenario are too heterogeneous regarding their original land cover and 

vegetation and soil sealing changes, this cannot be evaluated. 

 

 

Figure 21. Relation between the area surface size of new urban green and the area mean effect on the daily 

minimum temperature.  
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3.5 Example of the use of NACLIM urban climate results 
Below, we show a few examples of the use made by Almada of some of the NACLIM results 

produced in Work Package 42, and in which support by the European Commission through the 

NACLIM project was acknowledged.  

 

Meeting: Kick off Seminar of the project ClimAdaPT Local. 

 

The ClimAdaPT Local Project is part of a national 

programme supervised by the Portuguese 

Environment Agency. The goal is to develop 26 

Municipal Strategies for Climate Change Adaptation, 

and in the project Almada is a leading city. The official 

launch of the project and signature of the protocol with 

the beneficiary municipalities was held on last 

January, and Almada presented the work that the 

municipality is doing on Adaptation to Climate Change. 

More or less 100 persons were present. 

Meeting : Workshop “Almada’s Local Strategy on Climate Change” 

 

Workshop organized to present our Local Strategy on 

Climate Change. It was held in March 2015, in the 

Environmental House, with 40 persons present, 

including the Mayor and the city councillors. 

Meeting :The ICLEI World Congress 2015 

 

Almada’s participation on the NACLIM project was 

mentioned in the Training Event “Ecosystem-based 

Adaptation Workshop: Biodiversity and the changing 

climate”, held on 8 April 2015 in Seoul, integrated in 

the ICLEI World Congress 2015 program. There were 

approximately 30 participants present. 
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3.6 Conclusions 
A new methodology to generate urban climate projections is proposed. More particularly, the urban 

boundary layer climate model UrbClim is coupled to GCMs contained in the IPCC CMIP5 archive, 

and used to conduct  prolonged simulations of present (1986-2005) and future (2081-2100) climate 

conditions, for the RCP8.5 climate scenario. Thanks to its generic character, this dynamical 

downscaling method allows in principle to quantify and assess the evolution of the UHI of cities 

anywhere in Europe, with an unprecedented horizontal resolution of a few hundred meters. In this 

study, the focus is on the target cities of Almada, Antwerp, and Berlin.  

 

In order to properly represent the uncertainty associated with the global climate projections, 

UrbClim is forced by an ensemble of GCM outputs. When investigating the CMIP5 archives it was 

found that 11 of the included models provide output containing all required parameters. However, 

there were three main issues connected to the use of the GCM output as driving meteorological 

input for UrbClim. Firstly, vertical profile data were available only at a 6-hourly time step, which is 

insufficient to properly resolve the diurnal cycle. To remedy this, a neural network routine was set 

up, using as input ERA-interim data, to bridge the gap between the required time frequency of the 

vertical profiles in UrbClim (3-hourly) and the best resolution present in the CMIP5 archives (6-

hourly). Secondly, UrbClim requires precipitation data at a fine scale level (i.e., the city and its 

direct surroundings), while the GCM output is provided at a much coarser resolution, thus 

neglecting local thunderstorms among other things. Therefore, a downscaling routine based on 

ERA-interim output fields was established. Finally, a bias correction was implemented, in order  to 

bridge the gap between urban climate results simulated with ERA-interim meteorological input, 

considered as the benchmark, and simulation results with the GCM as a driver. 

 

The simulation results for all three target cities were analysed to examine the way in which rural 

and urban areas might respond differently to changes in climate. The results showed that for all 

cities, urban and rural air temperatures both increased rather evenly, such that the UHI intensity 

was nearly unaffected by climate change, at least within the limits of the uncertainty. A discussion 

on this outcome focused on the role of increased incoming longwave radiation in the future, which 

is known to have a diversifying effect on nocturnal rural and urban temperature profiles, hence 

imposing a limit on the increase in the UHI intensity.  

 

Subsequently, an alternative method for the urban climate projections is presented, in which the 

future urban climate is obtained by statistically rescaling the current urban climate, in order to avoid 

the (very expensive and computationally demanding) GCM-forced ensemble simulations. Herein, 

the ensemble temperature change statistics and the results of the current urban climate analysis 

were combined. The result of this method was compared to the GCM-driven ensemble model 

output for the city of Antwerp, focussing solely on the UHI indicator. Differences between both 

maps were found to be small, with an absolute difference always under 0.5°C, which is smaller 
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than the uncertainty on the mean value of the 11 GCM-ensemble. Hence, this statistical method 

provides a valuable alternative to produce a quick estimate of future urban temperatures and the 

UHI-effect. 

 

Finally, we showed results of sensitivity studies aiming at evaluating the impact of urban greening 

on local air temperature. While more work is required on this topic, preliminary findings appear to 

indicate that the effect of overall greening of the city may be limited, because of the ‘roughness 

effect’ (see above), which keeps nocturnal temperatures rather high. Moreover, it is found that size 

matters: the effect of one large park on temperature appears to be more important than the 

combined effect of many small parks. As an important caveat we need to mention that these 

assessments only considered air temperature, thus ignoring radiative effects, meaning that 

shadowing benefits of urban vegetation are ignored as well.   
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6. The delivery is delayed:   No  
 
 

7. Changes made and difficulties encountered, if any 
We spent 11.5 instead of 9.4 months on this deliverable. This has to do with to the fact that the 
users have requested scenario work (impact of land use change scenarios on urban climate), 
which was not planned initially.  
 
 

8. Efforts for this deliverable 
Please estimate how many person-months have been used up for this deliverable 

Partner Person-months  Period covered 

VITO 6.0 1 May 2014-30 April 2015 
GIM 5.5 1 May 2014-30 April 2015 
Total 11.5  

Total estimated effort for this deliverable (DOW) was 9.4 person-months. The names of the scientist involved 
are mentioned on the cover page of this report. 
 
 

9. Sustainability  
 Lessons learnt: both positive and negative that can be drawn from the experiences of the work 

to date and 

 Links built with other deliverables, WPs, and synergies created with other projects 

 

Synergy created with the EUPORIAS project (within the ECOMS cluster), culminating in a meeting 

at Meteo-France, 22 October 2014, with  

  

• Rachel Lowe (rachel.lowe@ic3.cat), IC3 (www.ic3.cat) dept. Climate Services for Health  

• Roxana Bojariu (bojariu@meteoromania.ro), Romanian MetOffice  

• Carlo Buontempo (coordinator EUPORIAS, UK MetOffice) 

• from NACLIM: Bart Thomas (GIM) & Koen De Ridder (VITO)  

 

This meeting was held in concurrence with the joint SPECS-EUPORIAS annual meeting, as an 

ECOMS activity (ECOMS is the collaboration umbrella between NACLIM-SPECS-EUPORIAS). 

The idea was to discuss a collaboration between NACLIM & EUPORIAS, with extra NACLIM 

budget to cover the work, with a focus on the effects of urban heat stress (NACLIM) on local health 

(mortality/morbidity) (EUPORIAS). Both Rachel & Roxana are experts in the health effects of 

extreme temperatures. However, so far they have been considering regional-scale effects only, and 

there is a definite interest in extending the approach to account for urban effects.  
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The main point of interest is that IC3 has access to mortality/morbidity data at ZIP-code level, and 

this for several countries in Europe. This should allow to differentiate mortality/morbidity inside 

versus outside cities. UrbClim simulation results would be used to provide the heat stress at the 

local scale.  

 

There was another interesting conclusion, related to the issue of predictability. Indeed, one of the 

main objectives of EUPORIAS is to study the predictability of so-called climate forecasts (seasonal 

to decadal time scales). It turns out that the seasonal predictability of climate forecasts is 

surprisingly high for many parts of Eastern Europe (including the Bucharest area where Roxana is 

based). This means that a forecast done in May for the months July-August is fairly useful, 

apparently because of soil moisture memory effects. Now, it also happens that UrbClim results 

obtained within other projects points towards a strong urban heat island effect in Eastern Europe. 

Last but not least, climate projections show that summer temperatures in Central/Eastern Europe 

are projected to increase more than elsewhere in the European continent. So we do have several 

good arguments to set up a seasonal urban climate forecast for this region.  

 

Concretely, discussions between VITO and IC3 have led to the organisation of a research stay by 

an IC3 postdoc (Markel Garcia) at VITO, during the period 17 May – 2 June 2015.  
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10. Dissemination and uptake activities 
 Indicate here which type of activities from the following list: Publications, conferences, workshops, web, press releases, flyers, articles published in the 

popular press, videos, media briefings, presentations, exhibitions, thesis, interviews, films, TV clips, posters, Other. 

 Indicate here which type of audience: Scientific Community (higher education, Research), Industry, Civil Society, Policy makers, Medias ('multiple 

choices' is possible. 

 
Type of 
activities 

Main leader Title (+website reference) Date  Place  Type of 
audience 

Size of audience Countries addressed 

presentation VITO Urban Heat Islands (K. de Ridder)  
Talk held at Centre Paul Duvignaud 
http://www.centrepaulduvigneaud.be/qui-sommes-
nous/centre-paul-duvigneaud  
http://www.centrepaulduvigneaud.be/peregrin/public/upload
/files/2014_ilots_chaleur_de_ridder.pdf  

19 December 
2014 

Brussels 
(BE) 

General public,  
college 
students 

50 Europe 

presentation VITO Urban Heat Islands (W. Lefebvre)  
http://www.weerkunde.be/voorjaarsbijeenkomst2015.html  

28 March 
2015 

Ghent 
(BE) 

Amateur 
meteorologists 

50 Europe 

presentation City of 
Almada/VITO 

(ref. to section 3.5) 
Talk held by City of Almada (S. Dionisio) based 
on maps provided by Dirk Lauwaet (VITO) at  
Kick off Seminar of the project 
ClimAdaPT.LOCAL  

15 January 
2015 

Lisbon 
(PT) 

Scientific 
community 

100 Portugal, Europe 

Participation / 
discussion 

City of 
Almada/VITO 

(ref. to section 3.5) 
Participation of city Almada of training event 
“Ecosystem-based Adaptation Workshop: 
Biodiversity and the changing climate”, which 
was part of the ICLEI World Congress 2015 
program 

08 April  
2015 

Seoul 
(KR) 

Diverse 30 International 

 
  

http://www.centrepaulduvigneaud.be/qui-sommes-nous/centre-paul-duvigneaud
http://www.centrepaulduvigneaud.be/qui-sommes-nous/centre-paul-duvigneaud
http://www.centrepaulduvigneaud.be/peregrin/public/upload/files/2014_ilots_chaleur_de_ridder.pdf
http://www.centrepaulduvigneaud.be/peregrin/public/upload/files/2014_ilots_chaleur_de_ridder.pdf
http://www.weerkunde.be/voorjaarsbijeenkomst2015.html
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{Additionally Standard Input}  
The complete list of dissemination activities is available on the NACLIM website @ http://naclim.zmaw.de/Dissemination.2509.0.html as well as the ECAS 

portal – RP: section “List of Dissemination Activities”. 

 
Uptake by the targeted audience: according to the DOW, your audience for this deliverable is: 

X The general public (PU) 

 The project partners, incl. the Commission services (PP) 

 A group specified by the consortium, incl. the Commission services (RE) 

 This reports is confidential, only for members of the consortium, incl. the Commission services (CO) 

 

This deliverable was included to ensure the timely availability of urban climate simulation results, in particular for use by NACLIM partner GIM, since GIM 

needs these data as input for further analysis and processing to generate maps containing human exposure to heat stress. VITO (providing the urban 

climate simulation results) and GIM have been holding regular (every few months) meetings to discuss issues related to model in- and outputs, hence we 

do not foresee any trouble regarding the uptake of the results described in this report.  

 

The actual data are available at the various national data centres as well as on the NACLIM website (www.naclim.eu, please also refer to the data policy 

of the project)  

http://naclim.zmaw.de/Dissemination.2509.0.html
http://www.naclim.eu/
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