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Propositions 

 

 

1. Exceedance maps to assess human thermal comfort are more 

representative than heat maps for a single day and are 
therefore preferred in heat legislation. 

(this thesis) 

 

2. The construction of high-rise buildings with preservation of 
greenery is less detrimental for heat stress than the 

extension of low-rise residential areas at the cost of 
greenery. 
(this thesis) 

 

3. Consultancy research should be a preferred option as 
training activity of the research school. 

 

4. Climate mitigation cannot be accompanied by continued 
economic growth. 

 

5. Publishing research computer code is required for a long-

term utility of research by society. 

 

6. Small research projects by the government are typically too 
short to be innovative. 
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Chapter 1 

Introduction 

Most people experience variations in daily thermal comfort in cities. Outside as a commuter, doing 
leisure activities or shopping, and inside their houses. Urban areas alter local weather and climate 
through the presence of buildings, impervious surfaces and other typical urban infrastructures. 
Although the observations and main weather forecasts are performed for rural areas, city specific 
weather gains attention especially during relatively hot periods. This thesis explicates urban climate 
as determined at different spatial scales for the temperate maritime climate of the Netherlands. As 
such different numerical tools and techniques are utilized, of which some of them are applied for 
future urban planning. This chapter introduces the concept of urban climate, points at physical 
transformation due to urbanisation and effects of climate change, and describes the different tools 
and models to study urban weather and climate. 
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1.1 Urban climate and health 

Urban environments have distinguished properties that alters their meteorology (Oke, 1982). Often 
this results in higher urban temperatures and the difference of urban temperature with the rural 
surroundings is known as the Urban Heat Island (UHI) effect. When analysing long observational 
records, urban areas can be easily identified from their rural counterparts because of the regular 
occurrence of the UHI. Therefore, we can speak of an urban climate. In contrast to the Köppen 
climate classification, the urban climate is often described in relation to the reference rural climate, 
where Köppen absolutely defines thresholds of seasonal temperatures and precipitation for climate 
allocation (Köppen et al., 1936; Kottek et al., 2006). In this thesis the urban climate is studied in a 
temperate maritime climate of western Europe applied for case studies in the Netherlands. First 
this chapter summarizes the need for urban climate knowledge and research. 

1.1.1 Health  

Urban climate is important to study because elevated temperatures during heat waves often lead to 
thermal discomfort and heat stress with adverse effects on human health. In cities more people 
suffer from heat stress compared to the rural counterparts, which also results in higher mortality 
rates during heat waves (Clarke, 1971; Basu et al., 2002; Grize et al., 2005). The awareness and 
urgency increased in western Europe after the heat wave of 2003, where an excess mortality of 
over 80,000 people was found (Robine et al., 2008). Especially France was hit hard suffering by a 
long intense heat wave with 15,000 excess deaths in the period between August 1st and August 20th 
(Fouillet et al., 2006).  

In the Netherlands, about 1400–2200 heat related deaths were reported in 2003 (Garssen et al., 
2005), and another 1000 during the two heat waves of 2006 (Salcedo Rahola et al., 2009). More 
recently, in the June and July heat waves of 2019 observed record breaking maximum temperatures 
were observed in France, Belgium, UK, Germany and the Netherlands (Vautard et al., 2020). In 
France and the Netherlands, old national records were broken by a large margin of 2 °C (France 
went from 44.1 °C to 46.0 °C and the Netherlands from 38.6 °C to 40.7 °C). These events were 
given the dubious honour of the deadliest event globally in 2019 (CRED, 2020). 

 It appears that during heat events air pollution in the form of ozone and particulate matter 
(PM10) is detrimental (Analitis et al., 2014), and usually air quality is poorer in urban regions. 
Ground-level ozone levels are typically raised during heat waves as it is formed under warm and 
sunny conditions by photochemical reactions (Fischer et al., 2004; Pyrgou et al., 2018). To some 
extent PM10 is also raised in heat waves under calm high pressure dominated weather. It is still 
debated to what extent heat deaths are reinforced by air pollution/ozone. Some studies report the 
joint effect on mortality of heat stress and air pollution (Katsouyanni et al., 1993; Analitis et al., 
2014), whereas Katsouyanni et al. (1993) even states that the combination effect seems to be larger 
than each factor acting alone. Other studies, on the other hand, do not find a clear effect of air 
pollution on mortality during heat waves (Hales et al., 2000; Zanobetti et al., 2008). 

The high mortality rates have been observed mostly under the elderly and people with 
cardiovascular diseases during the severe heat waves of 2003 and 2006 (D’Ippoliti et al., 2010; 
Fouillet et al., 2006). Apart from mortality, heat exposure leads to a reduction of labour productivity 
(Pogačar et al., 2018). Also high night temperatures, preventing an adequate recovery from daytime 
heat and inducing sleep deprivation, reduces labour productivity (Bergan et al., 2015) and amplifies 
health effects (Fischer & Schär, 2010). There are positive correlations of productivity loss with the 
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proportion of time working outside (26–32%) and physical exertion (22–43%), based on a large 
survey under respondents from Australia (Zander et al., 2015). The smaller but significant produc-
tivity loss for office workers inside is probably mainly caused by sleep deprivation. Mortality and 
morbidity are not insurmountable. Adverse health effects of heat waves are largely preventable by 
preparing healthcare and early meteorological warning system for the general public (WHO, 2008; 
Martinez et al., 2019). Individual European countries anticipated by creating heat-health action 
plans on a national level. In France, the prevention measures reduced the number of heat-related 
deaths with ~68% in 2006 compared to the absence of those measures (Fouillet et al., 2008). 

1.1.2 Processes 

Which processes contribute to a UHI? To answer this question, we must look at the radiation and 
energy balance differences between the city and the surrounding rural area (Oke, 1982). The radi-
ation balance of the surface reads as  

𝑄𝑄∗  =  𝐾𝐾↓ ∗ (1 − 𝛼𝛼) +  𝐿𝐿↓ − 𝐿𝐿↑     
𝑄𝑄∗ = net radiation (Wm-2) 
𝐾𝐾↓ = incoming shortwave radiation (Wm-2) 
𝛼𝛼𝛼𝛼𝛼  albedo 

𝐿𝐿↓  = incoming longwave radiation (Wm-2) 
𝐿𝐿↑  = outgoing longwave radiation (Wm-2) 

According Equation 1.1, urban areas absorb on average more downwelling shortwave ra-
diation 𝐾𝐾↓ from the sun (lower albedo) than a flat open rural environment (Oke, 1982). This has 
two causes. First, the nature of most urban materials, like asphalt, brick roads and brick walls and 
most types of roofing have a lower albedo than grass (Oke et al., 2017). Second, multiple reflections 
between buildings close together lowers the net amount reflected solar radiation (Kanda et al., 
2007), reducing the “effective” albedo (Aida, 1982).  

Another difference in the radiation balances between urban and rural areas lies in the 
upwelling longwave radiation. The latter is related to the typically higher urban surface temperature 
in the energy balance (Equation 1.2). 

𝑄𝑄∗ + 𝐴𝐴𝐴𝐴 𝐴𝐴 𝐴𝐴 𝐴𝐴𝐴 �𝐸𝐸 𝐸 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸       
𝑄𝑄∗   = net radiation (Wm-2) 
𝐴𝐴𝐴𝐴𝐴𝐴  anthropogenic heat flux (Wm-2) 
𝐻𝐻𝐻𝐻𝐻𝐻𝐻  sensible heat flux (Wm-2) 
𝐿𝐿�𝐸𝐸 𝐸𝐸latent heat flux (Wm-2) 
𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺  storage heat flux (Wm-2) 

(1.1) 

(1.2) 
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Figure 1.1: a) Typical energy balances for rural tile and b) a urban tile with low-rise buildings (compact low-
rise) for a clear summer afternoon in a mid-latitude city (Moriwaki & Kanda, 2004; Oke et al., 2017). The 
length of the energy balance arrows represents their magnitude. 

The energy budget terms are visualised in Figure 1.1 for a rural and urban surface. The net 
radiation is together with the anthropogenic heat emission the driver for the energy partitioning on 
the urban surface. Anthropogenic heat (AH) emissions comprise fossil fuel energy emissions from 
transit and building heating, as well as heat production from electricity and air conditioning, and 
the small source of human metabolism (Sailor and Lu, 2004). AH emissions are more significant 
in the UHI in the winter compared to the summer. In summer, the atmosphere is less susceptible 
for AH, because of a deeper boundary layer. Apart from highly densely populated areas (TMG, 
2005), AH emissions remain below 20 Wm-2 in summer, based on estimates for Dutch cities as 
Utrecht and Amsterdam. To put this in perspective, average summer afternoon sensible heat fluxes 
observations range from 190–290 Wm-2 for different mid-latitude cities (Oke et al., 2017). A larger 
part of the net radiation is used for the sensible heat flux at the expense of latent heat flux for 
urban areas. The latent heat flux is reduced, because of a limited fraction of vegetation and pervious 
surfaces, thus less evapotranspiration.  

A part of the longwave radiation released from the ground surface is trapped between the 
buildings, resulting in higher surface temperatures. The fraction upwelling longwave radiation re-
leased to space strongly correlates with the fraction open sky from a ground surface and is called 
the sky-view factor (according to definition of view factors in Steyn (1980). An example for down-
town Rotterdam is displayed in Figure 1.2. Though, daily urban–rural net radiation differences 
virtually disappear (Oke & McCaughey, 1983; Christen et al., 2013). This is mainly explained by an 
increased amount of upwelling longwave radiation, because of higher surface temperatures (Oke 
et al., 2017). 
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Figure 1.2: Example of a low sky-view factor (~0.35) due to tall buildings in the near surrounding. The 
fraction open sky is relatively low compared to an open rural environment. Courtesy to Bert Heusinkveld. 

The typical energy balance and UHI vary strongly between different urban configurations 
relating to properties as impervious surface fraction, building height, sky-view factor and anthro-
pogenic heat. The Local Climate Zone is a plain classification methodology which defines different 
types of built-up areas based on a zonal representation of these climatic properties (Stewart & Oke, 
2012). One of them is compact low-rise, as shown in Figure 1.1b, and the ratio between the sensible 
heat flux and the latent heat flux (known as the Bowen ratio H/LvE ) amounts to around 1.8. For 
more dense urban environments with very little natural fractions Bowen ratios can exceed 4 (Oke, 
1982). Natural environments have Bowen ratios of around 0.4 (Oke, 1982) with a range between 
0.1–1.5 depending on the availability of soil moisture or irrigation. A typical Bowen ratio of 0.4 in 
the Netherlands leads to a sensible heat flux which is ~100 Wm-2 lower as compared to an urban 
environment (Figure 1.1). 

Another urban–rural difference is perceived in the storage heat flux. The urban fabric stores 
more heat at daytime because the urban fabric materials has generally a higher heat conductivity 
and heat capacity (Oke, 1988) than natural vegetation and the soil beneath. Moreover, the 3D 
structure of buildings increases the total surface area allowing for a larger heat storage total. It takes 
longer to release this surplus of stored heat at nighttime. This phenomenon triggers the typical high 
UHI in the evening and around midnight. Finally, large urban–rural differences in UHI arise in 
summer for clear sky weather combined with low wind speeds (higher wind speeds dissipate the 
heat formed by UHI more effectively) (Oke et al., 2017). The net radiation is largest at daytime 
allowing for the largest absolute differences in the energy balance terms. 

To grasp the basic understanding of diurnal UHI differences it is necessary to explain dif-
ferences in urban–rural boundary layers. Also at night, differences between city and rural environ-
ment are largest for clear sky weather conditions with relatively low wind speeds. In such cases the 
rural cooling rate is larger, and in the rural area a shallow stable boundary layer typically forms. The 
air volume to be cooled is small and therefore the temperature can quickly drop after sunset. For 
the urban area, this shallow stable boundary layer is not formed or at least to a lesser extent later 
in the night, due to the release of the storage heat (Oke, 1982; Theeuwes et al., 2015). Therefore 
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urban-air temperatures decrease gradually slower. Mostly because of these urban–rural boundary 
layer stability differences the nocturnal UHI can reach 4-10 °C in summer at clear-sky weather in 
mid-latitude climates (Oke, 1973; Eliasson, 1996; Heusinkveld et al., 2014). Shallow boundary lay-
ers are also more susceptible for anthropogenic heat emissions. Note that the relatively deep day-
time boundary layer for both the urban and rural areas result in a relatively low temperature re-
sponse even for large differences in the sensible heat fluxes. 

1.2 Urbanisation and climate change 

The urban climate is gaining increasing attention, which is reflected in a greater role in spatial plan-
ning of cities and more often cities are specifically mentioned in temperature forecasts during heat 
waves. Due to regional (Kyselý, 2008) and global warming, the health impact of higher tempera-
tures is further enhanced. In addition, a growing number of people are affected by higher temper-
atures due to a worldwide urbanization trend. From 2009 the urban population has increased from 
50% to 55% in 2018. By 2050, this is expected to increase to 68% (United Nations, 2019). Note, 
that the overall growth in world population leads to an even larger absolute growth of population 
in urban areas. Urban land cover is projected to expand by 56–310% between 2000 and 2030 
(IPCC, 2014b). A factor is the decrease in urban population density by a world-wide trend in smaller 
households.  

Concerning the Netherlands, there is an urgent need for additional housing, with a chal-
lenging building assignment of 1 million houses in 2040 starting from 2010 (EIB, 2015). A large 
part of this assignment must be realised within the existing city borders. This densification of cities 
results in additional pressure on the thermal environment. In Chapter 4 the heat impact of densi-
fication is investigated for The Hague by evaluating different urban planning strategies. In addition, 
urbanization can impact temperature records of WMO-standard weather stations (WMO = World 
Meteorological Organization). Therefore, Chapter 2 evaluates the influence or urbanisation on the 
temperature record of the main weather station of the Netherlands (De Bilt).  

Globally WMO standard stations are disproportional sited near populated areas, which 
have been extended in the last century. On average this urbanization effect for WMO land stations 
in the global HadCRUT climate dataset is small compared to the climate trend, viz. 0.06 °C per 
century (one sided 1σ uncertainty) (Jones et al., 1990; Folland et al., 2001). This urbanization un-
certainty further decreases to 0.02 °C per century in the global temperature trend, blended with 
zero UHI effect for oceans (Trenberth et al., 2007). Local trends for stations facing rapid urban 
expansion in the past were much higher from 0.2 °C up to 0.54 °C per decade in Beijing (Yan et 
al., 2010) and 0.4 °C increase between 1949 and 1980 for airport Heathrow at London (Jones & 
Lister, 2009). Furthermore, Lee et al. (2013) showed statistically significant higher trends in mini-
mum temperatures for South-Korean stations near cities with high populations, and urbanization 
accounts for more than 30% of the observed temperature trend at the end of the 20th century for 
all national stations in Northern China (Ren et al., 2008).  

Worldwide land temperatures rose 1.53 °C between the pre-industrial period 1850–1900, 
and 2006–2015 period (climate trend of 1.17 °C per century) (Shukla et al., 2019) and this is ~50% 
larger than the combined land–ocean temperature rise (Stocker et al., 2013). Land surfaces includ-
ing urban areas react faster on the CO2 forcing than oceans, the latter having larger thermal inertia. 
By 2050, the temperature is projected to increase to just below 2 °C to 4 °C compared to pre-
industrial period, depending on mitigation targets and variability between the used climate models 
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(IPCC, 2014b). Specifically for warm summer extremes, there are signals that days with high tem-
peratures increase faster or become more frequent than based on the climate trend alone. In central 
Europe (including France, Belgium and southeastern half of the Netherlands), maximum temper-
ature extremes warmed about 50% more than the corresponding summer mean temperatures (Lo-
renz et al., 2019). Also warm summer night extremes (> 95th percentiles of minimum temperatures) 
increased consistently with the maximum temperature extremes.  

Other parts of Europe, including the Mediterranean land surfaces do not experience such 
amplification of observed heat extremes compared to the rise of summer mean temperatures, and 
this is neither a global phenomenon (Choi et al., 2009; Lee et al., 2013). The increasing heat ex-
tremes in central Europe are related to a change in circulation patterns. Blocking central European 
highs and southerly circulations, favourable for heat waves, are more frequent and persistent 
(Kyselý, 2008). This is accompanied by longer observed sun durations (Tang et al., 2012) and in-
creasing droughts, both of which promote high daily temperatures (Douville et al., 2016). Further-
more, the rapid decline of spring Arctic sea ice and snow cover in high-latitudes is conducive to 
more persisting blocking weather favouring heat wave events in mid-latitudes (Francis & Wu, 
2020).  

The shift toward more heat extremes is clearly visible for weather stations in the Nether-
lands as demonstrated in the histograms of Figure 1.3. These histograms present the distribution 
of daily average summer temperatures in rural areas for the current climate (1991–2020) and a 
climate period in the past (1951–1980). The current climate distribution is more flattened, meaning 
that diurnal temperatures around the median occurs less frequent. Instead, the current climate has 
a larger right tail towards more heat extremes.  

 
Figure 1.3: Histogram of average daily temperatures in the summer period (June–August) for five Dutch 
weather stations (De Bilt, Maastricht, Eelde, Den Helder, Vlissingen) from the KNMI (Royal Netherlands 
Meteorological Institute). The recent 30-year climate period (1991–2020) is compared with an older climate 
period (1951–1980).  
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1.3 Urban climate research tools 

The urban climate can be studied with various meteorological models that serve different spatial 
scales and are characterised by contrasting degree of parameterization. The three types of models 
are presented in Figure 1.4, accompanied with the main key points. 

 
Figure 1.4: Schematic of three types of models with which can be used for urban climate modelling. 

First, we discuss numerical weather prediction (NWP) models as research instruments. 
NWP models can be described as a mathematical model solving equations of motion and uses 
discretized time steps and grid points to calculate a weather state from a starting point to different 
times ahead. The Weather Research and Forecasting model (WRF) (Skamarock et al., 2008) is an 
example of a NWP model, which has been used in Chapter 2 and 3. WRF is a regional atmospheric 
model, and can be used either for regional forecasts, hindcasts (Chapter 2) and reanalyses (Chapter 
3), including data assimilation. WRF is controlled by input of a global weather forecast model, like 
ECMWF, GFS or global reanalysis data like ERA-Interim (Dee et al., 2011) or ERA5 (Hersbach 
et al., 2020). A strength of WRF is the option of nested domains. This enables to bridge a coarse 
spatial resolution of the global weather model which is used as large synoptic forcing, with a reso-
lution of ~70 km to a scale of 100–500 m in the inner domain. The inner domains often operate 
in the so called “grey zone” (between 200 m and 10 km) where turbulence and convective transport 
can be partially resolved, while parameterizations are still needed (Honnert et al., 2020). The tran-
sition between nested domains with different degree of parameterization, may lead to uncertainties 
in cloudiness and precipitation (Field et al., 2017; Kramer et al., 2020) 

   At higher resolutions down to 1 m, Computational Fluid Dynamics (CFD) models apply 
as research tool in the urban environment. One of them are Large-Eddy Simulation (LES) models. 
Turbulence is resolved to a great extent and they allow for fine subgrid turbulence parameterization 
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(Deardorff, 1980; Zhou et al., 2019). To describe turbulent flows, LES uses a reduced-order de-
scription to remain computationally attractive (Pope, 2010). In an urban environment, wind flows 
around building obstacles can be modelled as well as a reliable dispersion of contaminants disper-
sion (Letzel et al., 2008). An example of such a model is PALM-4U (Maronga et al., 2020). Appli-
cations of LES in urban modelling is relatively new and has been conducted much less than RANS 
(Reynolds Averaged Navier-Stokes) models (Toparlar et al., 2017). RANS models are a different 
type of CFD models on this scale based on the Navier-Stokes budget equations for heat, moisture 
and momentum, such as ENVI-met (Bruse & Fleer, 1998; Crank et al., 2018). Also, such models 
are able to calculate complex wind flows around buildings and trees but at lower computational 
cost than LES.  

The difference of RANS with LES, is that turbulence at a smaller scale than the grid size is 
not resolved but parameterized (Fröhlich & von Terzi, 2008). Therefore, RANS model results fluc-
tuate less on short time scales, while these fluctuations are part of the chaotic behaviour of turbu-
lence. In practise, this gives less performance in the wake of buildings (Mirzaei & Haghighat, 2010), 
where small-scale turbulence is relatively important due to low horizontal wind speeds. Both for 
CFD and LES models large synoptic forcings are typically prescribed instead of fed by a global 
weather model. This type of models is useful for urban planners to reshape neighbourhoods or 
small districts. Larger areas are computationally too expensive. Besides, this type of models can 
help to further unravel the mechanisms of the urban physics. This especially holds for LES models 
which are least parameterized and therefore have less assumptions 

A different fast approach to calculate fine scale urban thermal comfort for large areas is the 
use of empirical meteorological - and GIS methods, usually presented in a quantitative urban heat 
map or qualitative urban climate map. It avoids numerical simulations which needs costly small 
time steps. The empirical relations are ideally based on in situ urban observations, wind tunnel 
experiments or LES to find typical wind profiles in the urban canopy. Because of the statistical 
methods, short and local weather fluctuations are filtered out and this approach serves well for 
urban climate maps or urban heat maps representing a typical warm day or climatology. An example 
is the use of a diagnostic equation to calculate maximum diurnal UHI (Theeuwes et al., 2017), 
which is based on routine weather observations on a rural reference station and urban density and 
sky-view factor.  

In Chapter 4, we present 95th percentile UHI maps for the Hague with this diagnostic equa-
tion. In Chapter 5 heat maps of the Physical Equivalent Temperature are calculated, incorporating 
urban wind and radiation differences on 1-m resolution. Concerning other urban climate maps, 
neighbourhood observations and numerical model output were used to define Local Climate 
Zones. Local Climate Zones have a characteristic temperature regime based on common urban 
features that horizontally span 100 meters to several kilometres (Stewart & Oke, 2012). Other ur-
ban climate maps based on a combined modelling approach of geographical and meteorological 
observations include urban climatic maps for Hong Kong and Arnhem (the Netherlands) (Ng, 
2012; Ren et al., 2012) and the Thermal Environment Map of Tokyo (Ren et al., 2011). A downside 
is that these models are meteorologically limited compared to the other described numerical mod-
els. However, the fast calculations enable to create maps covering large (metropolitan) areas, main-
taining a relative high resolution. Therefore, this approach suits many (large scale) urban planning 
purposes. 
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1.4 Thesis outline with research questions 

The combined effects of urbanization and climate change urges to understand the urban atmos-
phere and create smart solutions to ameliorate urban heat effects. For many cities around the world, 
UHIs have been modelled and measured (Chapman et al., 2017). Insights in urban weather from 
these studies give already a profound understanding of the urban climate. Despite the progress, 
still important questions remain open and further qualitative and quantitative modelling improve-
ments can be made. Hence, in this thesis we formulate five scientific research questions that will 
be addressed in the thesis. 

1.4.1 Effects of urbanization on a homogenized temperature record 

Above we reported that the global effect of urbanization on the climate records is very small. 
However, in densely populated areas this effect can be much higher, as mentioned for mid-latitude 
climates as North-China and South Korea. For the populous country of the Netherlands it also 
seemed interesting to investigate this effect. We noticed that the majority of stations are not located 
in the vicinity of a substantial urban area. However the main station De Bilt, with the longest 
historical record, is situated close to expanding urban areas (especially Utrecht ~360,000 inhabit-
ants). By conducting a model study, we aim to investigate the role of urbanization on the climate 
record. The corresponding research question posed in Chapter 2 is as follows: 

Research question 1:  
What is the influence of urbanization on the climate record of a nearby rural weather sta-
tion? 

1.4.2 Fine-scale urban data assimilation and weather reanalysis for Amsterdam 

Until now numerical simulations of the urban environment do not have the temporal length to 
describe a full climatology. Alternatively, also urban observations miss this temporal scale and lacks 
the spatial coverage to explain the spatial variability in an urban climate. As computational power 
increases and NWP models progress towards finer spatiotemporal scales, we performed a 15-year 
urban hindcast on a spatial resolution of 167 m for the city of Amsterdam. For such long periods 
it is essential that models are fed with interim observations with data assimilation techniques. In 
the atmospheric sciences this is called a reanalysis.  

A reanalysis is the best-known state of the weather at any moment by merging model in-
formation with local observations. The best-known examples include ERA-interim and successor 
ERA5 from the ECMWF (Berrisford et al., 2011). Applications of these reanalysis datasets range 
from renewable energy, e.g. siting of favourable areas for wind farms and solar power plants (Boil-
ley & Wald, 2015; Lorenz & Barstad, 2016), and climate research in general (Boilley & Wald, 2015). 
However, these reanalysis products miss the spatiotemporal scale which is necessary for studying 
the climate of urban areas. Therefore, we pose the following research question in Chapter 3 about 
an urban reanalysis dataset:  

Research question 2:  
How can we develop modelling techniques to best create and validate an urban reanalysis 
dataset? 
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1.4.3 Urban planning strategies on heat stress for current and future climates   

In the Netherlands, there is a societal request for heat resilient solutions for a redesign of city 
districts. The main concern is an urgent need for additional housing of 1 million houses, which has 
to be realized by 2040. Although this study focuses on the Netherlands (The Hague as test case), a 
large part of the housing has to be built within the urban borders. Hence, the question to be an-
swered in Chapter 4 is as follows: 

Research question 3:  
What is the best approach to densify an urban environment with least effects on urban 
heat? 

For this task a straightforward data-driven approach will be proposed. Geo-information as 
population density, sky-view factor and vegetation fraction will be linked to UHIs. Different urban 
planning strategies will be evaluated on the impact on UHI. These urban planning strategies differ 
in constructing low- and mid-rise buildings versus high-rise buildings on green spaces at different 
places. As the implementation of additional housing reshapes the cities for a longer time, a climate 
outlook is also given for different climate scenarios by 2050. 

1.4.4 Mapping thermal comfort on 1-m scale with meteorological and geographical tools 

In Chapter 4 a next step is made by developing urban heat map, where a thermal comfort index is 
applied which indicates how people experience heat. Factors as wind, humidity and radiation to-
gether with air temperature determine how efficient humans can release heat (mainly by transpira-
tion for hot days), and that is included in a thermal comfort index. We develop a heat map of this 
thermal comfort index on 1-m resolution based on a variety of geographical and meteorological 
tools. The underlying variables such as air temperature, wind, humidity and radiation have urban–
rural differences and also vary within the urban environment. To achieve this, established verified 
methods are used, e.g. wind reduction for the city (MacDonald, 2000), and methods are elaborated 
e.g. the diagnostic equation for UHI (Theeuwes et al., 2017) for hourly values. Accordingly, we 
pose the following research questions in Chapter 5: 

Research question 4:  
What meteorological and geographical inputs are needed to create a high-resolution urban 
heat map for city planning purposes and climate stress tests?   

Research question 5:  
Is a heat map based on empirical meteorological and geographical relations sufficiently 
accurate to describe the urban climate? 
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Chapter 2 

Effects of urbanization on a homogenized temperature record   

Abstract 

Many cities have expanded during the 20th century, and consequently some weather stations are 
currently located closer to cities than before. Due to the urban heat island (UHI) effect, those 
weather stations may show a positive bias in their 2-m temperature record. In this study we estimate 
the impact of urbanization on the temperature record of WMO station De Bilt (the Netherlands). 
This station has a long historical record, but the nearby city of Utrecht and its suburbs expanded 
during the 20th century. The temperature rise due to urbanization is estimated by conducting rep-
resentative mesoscale model simulations for the land use situation for the years 1900 and 2000. 
This is performed for 14 different episodes of a week, each representing a typical large-scale flow 
regime (Grosswettertypes) in both the winter and the summer season. Frequency distributions of 
these flow regimes are used to estimate an average temperature rise. We find that the model results 
with two rather different atmospheric boundary-layer schemes, robustly indicate that the urbaniza-
tion during the 20th century has resulted in a temperature rise of 0.22 ± 0.06 K. This is more than 
a factor of two higher than a previously estimated temperature trend by using observed temperature 
records of stations close to De Bilt. 
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doi:https://doi.org/10.1002/joc.4087 



Chapter 2    Effects of urbanization on a homogenized temperature record     

20 
 

2.1. Introduction 

Many observational studies of climate change report a substantial rise of the globally averaged 2-m 
temperature in the last century (e.g. Jones et al., 1986a,b; Hansen & Lebedeff, 1987; Brohan et al., 
2006; Smith et al., 2008). Based on this research, the IPCC documented a global combined land 
and ocean temperature increase of ~0.89 °C over the period 1901–2012 (Stocker et al., 2013). 
Observational temperature records close to urban areas, however, may be influenced by nearby 
city expansion and consequent heat advection from the city towards the observing stations (Oke, 
1982; Karl et al., 1988; Schaefer and Domroes 2009; Fall et al., 2010). Although on the global scale, 
urbanization contributes only for 0.02 K to the global temperature trend in the 20th century (Jones 
et al., 1990; Trenberth et al., 2007), the local trend for urbanized areas might be substantially higher, 
i.e. ~0.3 K (Karl et al., 1988; Balling et al., 1998; Kalnay & Cai, 2003; Fujibe et al., 2007).  

 With a numerical study Adachi et al. (2012) showed for Tokyo that urbanization leads to 
higher temperatures on top of the enhanced greenhouse effect. Van der Schrier et al. (2013) report 
urbanization as one of the key aspects of which its contribution to the northwest European tem-
perature rise is not completely understood. Urbanization may lead to elevated temperatures in the 
surroundings due to heat advection from the city (Oke, 1982), and can affect the temperature of a 
nearby weather station in two ways. Firstly, the urban heat island (UHI) intensity (in the urban 
boundary layer) may change when the urban thermal properties, the urban vegetation fraction, or 
population density changes for a constant city area (Oke, 1973; Sailor and Lu, 2004; Steeneveld et 
al., 2011a). Secondly, the influence of the city increases when the city area expands and the distance 
between the weather station and city margin decreases (Oke, 1982).  

 In brief, the elevated urban temperatures occur because of the modified surface energy 
budget compared to the countryside. Typically, the urban street canyon structure triggers an effi-
cient entrapment of solar radiation and thus provides a rather small albedo (Kanda et al., 2007). 
Overall, up to 30% of the incoming solar radiation is stored during daytime and is subsequently 
released at night (Oke, 1982). Also, street canyons limit the sky view for outgoing longwave radia-
tion. Moreover, the rather high fraction of impervious surface initiates a relatively high Bowen ratio 
(ratio of surface sensible and surface latent heat flux). Anthropogenic heat production is mainly 
important in winter (Sailor and Lu, 2004). Overall, the largest and most intense UHI occurs in the 
evening, because of the large heat capacity of the urban fabric, and the reduced turbulent diffusion 
on the countryside. 

 Focusing on the Netherlands, the surroundings of the weather station in De Bilt (52°06'N, 
5°11'E) have been gradually urbanized during the previous century. Weather station De Bilt’s near-
est city, Utrecht, expanded by a factor of 5 between 1899 and 2003, and accommodated 44% of 
the current inhabitants in 1899 (Brandsma et al., 2003, henceforth B03). In the 20th century, the 
screen level temperature at weather station De Bilt has risen ~1.3 K , van der Schrier et al., 2011), 
of which 0.2 K is due to modifications in the large-scale flow pattern (van Oldenborgh and van 
Ulden, 2003). In addition, spatially averaged temperature series such as the Central Netherlands 
Temperature series (CNT), consisting of time series from six Dutch weather stations, also show a 
significant temperature increase. However, the homogeneous temperature trend (without urban 
contamination correction) in De Bilt is 12% higher than the CNT trend over 1906–2008 (van 
Ulden et al., 2009), and is so far unexplained (van Oldenborgh et al., 2009). 

 The observations at weather station De Bilt have a high scientific value for climate research, 
because it covers the longest homogenized record of historical data series of the Netherlands since 
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1901 (Visser, 2005; Brandsma, 2011). Part of the De Bilt time series also covers the Zwanen-
burg/De Bilt series, which already started in 1706. Weather station De Bilt (also abbreviated as 
DB) is also known as the main station in the Netherlands, in particular for the general public. Its 
observations are used to compose monthly and yearly evaluations, which are often adopted by the 
media. Hence, it is important to estimate the contribution of urbanization on this particular tem-
perature record. 

 So far, the impact of urbanization on DB has solely been studied by means of observational 
campaigns by bike traverses, and comparisons of observed temperature trends at weather station 
De Bilt with other nearby rural weather stations, i.e. Soesterberg (52°08'N, 5°17'E, 7 km to the 
northeast of DB) and Herwijnen (51°51'N, 5°09'E, 31 km to the south of DB). The Urbanization 
Induced Temperature Effect (UITE) is then determined by comparing temperatures with a rural 
and urbanized upwind footprint. The observational study by B03 found that mainly the city of 
Utrecht and the town of De Bilt are responsible for the UITE of DB. Another observational cam-
paign by bike traverses found a nocturnal temperature difference between Utrecht and DB of 0.5 
K during westerly winds (Brandsma, 2010). However, the intercomparison study between DB and 
nearby weather stations revealed that the yearly averaged UITE is of minor importance, i.e. 0.10 K 
(B03). This UITE has been adopted in homogenizing the DB temperature series.  

 In this study, we extend the earlier studies by estimating the UITE by a high-resolution 
mesoscale modelling approach, which was suggested as future work by B03, since computational 
resources for such a modelling approach were limited in the early 2000s. In a model approach one 
can also explicitly account for a variety in soil types, topography and surface roughness in simula-
tions that are used to derive the UITE (van Weverberg et al., 2008, henceforth VW08). In addition, 
modelling allows us to reconstruct the effect of urbanization where field observations are lacking. 
The current mesoscale modelling was inspired by VW08, who quantified the UITE for the weather 
station Uccle, located close to Brussels (Belgium). VW08 ran the Advanced Regional Prediction 
System (ARPS) model for four different circulation types for the land use in 1833 and 2000. De-
pending on wind direction, they found a 0.77–1.13 K temperature rise due to the urbanization, 
while the observed temperature increase from 1867 to 2002 amounts to 1.4 K (Yan et al., 2002). 
As such, a substantial part of the recorded temperature rise could be explained by urbanization in 
the surroundings. In order to draw more statistically sound conclusions, we estimate the UITE 
with simulations of the seven dominant circulation types both for the summer and winter season 
(14 periods in total). 

 The paper is organized as follows: Section 2.2 presents the selection of episodes to perform 
our analysis, the model set-up including specifications of the current and historic land use. Section 
2.3 describes the modelled results for the urban heat island characteristics. Section 2.4 describes 
the resulting Urbanization Induced Temperature Effect, discusses the diurnal evolution and the 
wind direction dependence and how the UITE compares to the observational analysis of B03, and 
we draw conclusions in Section 2.5. 
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2.2 Methodology 

2.2.1 Case selection 

 Using the advanced research Weather Research and Forecast mesoscale model (WRF-ver-
sion 3.1.1; Skamarock et al., 2008), two land use scenarios are applied; one run with the land use 
for the year 2000 and a run with the land use for the year ~1900, further labelled as R2000 and 
R1900 respectively. The difference between these two runs estimates the UITE, since the R2000 
has a larger urban area than the historical run (see Section 2.2.4 for a description of the land use 
and land cover). In order to cover a wide and representative range of weather situations, this strat-
egy is repeated for seven one-week lasting episodes in summer, and seven one-week lasting epi-
sodes in winter during 1999-2005. Each of the seven cases represents a particular large-scale circu-
lation type. The summer half year comprises the period April–September, and the winter half year 
comprises the period October–March.  

 Each episode represents a specific large-scale circulation type at 500 hPa defined by Gross-
wettertypes (GWT, Werner and Gerstengarbe, 2010). In total, our simulations cover 7 GWT’s 
(Table 2.1). Four of the choices of weather periods are inspired by VW08. The other periods are 
selected based on the distinctness of the 500 hPa flow according the GWT descriptions. Together 
all simulated episodes explain the vast majority of the flow directions, i.e. 97% for winter and 96.3% 
for the summer. Consequently, the annual mean UITE of weather station De Bilt can be quantified, 
based on the known frequencies of occurrence of these circulation types (Table 2.1). 
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Table 2.1: A description of the seven main atmospheric circulation (“Grosswetter”) types influencing the 
Netherlands, divided per season. The percentage indicates the frequency of the Grosswettertype in that 
particular season. 

Gross- 
wetter 
type 

Description Winter season Summer  
season 

W Westerly circulation  
Predominantly south-westerly winds, mostly cyclonic. In the winter pe-
riod this is accompanied by strong winds, above-normal temperatures 
and cloudy and rainy weather.  
In the summer period the Netherlands is often situated in polar air 
masses and fronts and troughs pass by. This results in cool and rainy 
weather.  

1-7 December 
1999 

28.8 % 

28 June- 5 July 
2004 

25.0% 

SW South-westerly circulation 
The winter period is characterized with exceptionally high temperatures 
and southerly winds. 
The summer period is characterized with above-normal temperatures, 
south-westerly winds and almost all days have periods of rain. 

1-7 December 
2000 

6.3% 

27 April- 4 May 
2003 

3.8% 

NW North-westerly circulation 
The winter period shows above normal temperatures, especially at night 
and is relatively cloudy. 
In the summer a deep low at the North Atlantic brings cool weather. 
This low is cut off halfway during the period in the Baltic resulting in a 
strong cyclonic north-westerly winds and lots of rain  

16-23 January 
2000 

7.9% 

5-12 September 
2001 

9.0% 

HM Calm weather  
High pressure over central parts of Europe, coincides with calm weather 
and light continental winds for the Netherlands.  
The winter period has light variable winds between northeast and south 
and there is a strong temperature inversion with below normal tempera-
tures at the surface. The period is very dull and no rain occurs. The sum-
mer period has variable light winds with a slight preference for the NE 
direction. All days show above normal temperatures and are relatively 
sunny with little developing cumulus clouds in afternoon. 

7-14 December 
2004 

17.2% 

23-30 July 2001 

  
16.0%  

N North circulation 
In the winter period a large north-south oriented through is located from 
Scandinavia towards the Balkan. In the last days a new low pressure en-
ters the North Sea area with a deep northerly flow at the west side. Rel-
atively cold upper air temperatures together with maritime north(west-
erly) winds results in a well-mixed atmosphere and normal temperatures. 
The summer period shows well below normal temperatures, which is 
related to the cold air advection from the north and maritime influences 
of the north-westerly winds.  

14-21 February 
2005 

13.4% 

 

24 June- 1 July 
2000 

18.4% 

E Easterly circulation 
In the winter a large high-pressure system brings cold continental air to-
wards the Netherlands. Average temperatures are below 0 °C, which is 
well below normal. Furthermore, this period has clear skies and is com-
pletely dry. 
The summer period shows a deep easterly flow from Russia. This means 
for April slightly above normal temperatures and April also shows clear 
skies and no rain. 

14-21 February 
2003 

15.4% 

4-11 April 2002 

 
15.5% 

S Southerly circulation 
In the winter period warm air from the south is transported in the upper 
air and the ground surface. Temperatures are exceptionally high and it is 
dry and relatively sunny. 
In the summer period a through moves from France to Denmark. Aloft 
there is a southerly flow over the Netherlands, while the surface wind is 
predominantly north-east. 

14-21 October 
2000 

8.0% 

1-8 May 2001 

 
8.6% 
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2.2.2 Model set-up 

WRF is a non-hydrostatic mesoscale model and has the capability to translate large-scale circula-
tions into micro-scale transport and dispersion which is needed for smaller grid scales (Chen et al. 
2010). This is realized by four two-way nested domains, with gradually increasing resolutions to-
wards the innermost domain (Table 2.2 and Figure 2.1). Our model simulations utilize initial and 
boundary (6 hourly) conditions (0.5° x 0.5°, at pressure levels) from the European Centre for Me-
dium-Range Weather Forecasts (ECMWF) operational analysis. For July 2001 (HM) an exception 
is made by running the model one-way nested due to technical reasons. For the transition of the 
domains, relaxation zones of 4 grid cells are used. 

 

Figure 2.1: Overview of the set-up of the 4 domains. De Bilt is in the centre of the smallest domain. 
Domain 4 is the smallest domain. 
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Table 2.2: Configuration of four domains used in the WRF model. 

 Resolution (km) Number of grid cells 

Domain 1 62.5 24 * 24 

Domain 2 12.5 30 * 30 

Domain 3 2.5 30 * 30 

Domain 4 0.5 40 * 40 

 
 For the innermost domain a resolution of 500 m was used. Since Utrecht is a relatively 
small city, a high horizontal model resolution is required. The other domains use a coarser resolu-
tion and form a bridge to the ECMWF boundary conditions. One day of spin up was applied in all 
model runs. WRF utilizes 35 vertical sigma levels analogous to VW08, with the first model level at 
15 m. 

 Considering the required domain size and the number of grid cells with each domain, it is 
important to remark that Warner et al. (1997), Leduc and Laprise (2009) and Leduc et al. (2011) 
performed limited area modelling experiments for varying domain size. They found that for a do-
main size that was too small, relatively small-scale meteorological phenomena were underrepre-
sented. Although their studies showed that this effect is most pronounced for precipitation and is 
most evident in the middle troposphere, it is important to evaluate whether this also plays a role in 
our case. Hence, we have re-run the winter W case (1-7 December, 1999) with a larger innermost 
domain, i.e. with 61 x 61 grid cells, instead of 41 x 41 grid cells, and compared the UITE form both 
runs. The UITE of the two simulations only differs 0.013 K, which is far below the uncertainty 
estimate of our final UITE estimate (see below). This experiment illustrates that the runs with the 
41 x 41 grid cells are sufficient for the performed analysis. 

 The impact of urbanization is typically an atmospheric boundary-layer (ABL) phenomenon, 
and the selected ABL parameterization is of key importance (e.g. Stensrud, 2009). However, a priori 
it is not clear which of the available ABL schemes performs best. Therefore, the UITE has been 
estimated using two different schemes, namely MRF (Troen & Mahrt, 1986; Holtslag & Boville, 
1993) and MYJ (Janjić, 2001). MYJ has a local turbulent kinetic energy closure scheme based on 
local vertical gradients of the governing variables. MRF employs a non-local first order closure 
scheme which also accounts for counter gradient transport by large eddies (Holtslag et al., 1995; 
Shin & Hong, 2011). Earlier experiments revealed that local schemes such as MYJ represent the 
stable ABL better than non-local schemes (Steeneveld et al., 2008). In particular, MRF experiences 
too much mixing at the cold surface layer at night. On the other hand, MYJ underestimates the 
mixing during daytime, and often produces too moist and too cold ABLs (Holtslag et al., 1995; 
Pino et al., 2004). MRF typically produces a drier surface layer and at this point better represents 
the urban climate than MYJ (Pino et al., 2004). Hence, both schemes will be employed and evalu-
ated and the corresponding UITE is discussed. This evaluation is based on the 2-m temperature, 
2-m specific humidity, 10-m wind speed and global radiation at the surface (Table 2.5). Important 
differences between models are explained and offer the possibility to define a measure of uncer-
tainty of the estimated UITE. 
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The choice for the MRF scheme instead of the more recently developed YSU scheme 
(Hong et al., 2006) came forward due to a recently discovered bug (in 2014 at the time of publca-
tion) in the YSU scheme as implemented in WRF version 3 (Richardson et al., 2013; Sterk et al., 
2013). The deficiency affects the connection between the surface layer and boundary-layer stability, 
particularly at night, and is as such a key to our research question. Therefore, MRF was selected as 
the non-local boundary-layer scheme in this study. 

Table 2.3: Used specifications of the Single Layer Urban Canopy model developed by Kusaka et al. (2001). 

Roof level 7.5 m 

Roof width 9.4 m 

Road width 9.4 m 

Heat capacity of roof 1.0 ×106 Jm-3K-1 

Fraction Urban 0.9 

Heat capacity of building wall 1.0 × 106 Jm-3K-1 

Heat capacity of ground (road) 1.4 × 106 Jm-3K-1 

Thermal conductivity of roof 0.67 Wm-1K-1 

Thermal conductivity of building wall 0.67 Wm-1K-1 

Thermal conductivity of ground (road) 0.4004 Wm-1K-1 

Surface albedo of roof 0.2 

Surface albedo of ground (road) 0.2 

Surface emissivity of roof 0.9 

Surface emissivity of ground (road) 0.95 

Roughness length for momentum, over roof 0.01 m 

Roughness length form momentum over build-
ing wall 

0.0001 m 

Roughness length for momentum, over ground 
(road) 

0.01 m 

Hourly weights of maximum anthropogenic heat 
flux, from 0 -> 23 UTC. 

0.16; 0.13; 0.08; 0.07; 0.08; 0.26; 0.67; 0.99; 0.89; 
0.79; 0.74; 0.73; 0.75; 0.76; 0.82; 0.90; 1.00; 0.95; 
0.68; 0.61; 0.53; 0.35; 0.21; 0.18 

Monthly values of daily maximum anthropo-
genic heat flux (Wm-2), from Jan -> Dec. 

44.7; 41.1; 38.2; 31.1; 26.3; 22.9; 22.5; 22.1; 23.9; 
30.2; 36.2; 42.8 

 
WRF has furthermore been equipped with the NOAH land surface model (Ek et al., 2003), 

with the Monin-Obukhov similarity surface layer and for MYJ with an adapted Monin-Obukhov 
scheme (Janjić, 1996). Since we study the role of urbanization on the temperature record, the urban 
surface energy balance should be well represented. The special characteristics of the city surface 
require specific treatment in terms of modelling. Therefore, we use the single-layer urban canopy 
model in WRF as developed by Kusaka et al. (2001) and Chen et al. (2010), which has been vali-
dated for Beijing (Miao et al., 2008), Osaka (Shresta et al., 2009), Phoenix (Grossman-Clarke, 2009), 
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and participated in the PILPS-urban model intercomparison (Grimmond et al., 2011). This model 
consists of parallel infinite street canyons, and the energy balance is calculated for each of the three 
facades, i.e. wall, street and roof surfaces. In addition, the anthropogenic heat (AH) source strength 
is prescribed (see Section 2.2.5). Note that in the Netherlands, the contribution by air conditioning 
in summertime is so far rather small. For the hourly fractions of the AH, the default settings are 
chosen as described in Chen et al. (2010). Finally, the grid cells with a dominant urban land use 
utilized 10% grass vegetation cover as a sub-tile. See Table 2.3 for the complete overview with 
settings for the urban canopy model. 

 For completeness, our WRF configuration utilizes the Grell (1991) cumulus parameteriza-
tion in the two outermost domains. The resolution of the smaller domains is sufficiently fine to 
assume that convection is resolved explicitly (Skamarock et al., 2008). Third order Runge-Kutta 
time integration is used, with a time step of 9 s in the innermost domain. Finally, the RRTM radi-
ation scheme and the WSM3 microphysics schemes have been selected. 

2.2.3 Statistical analysis 

The model validation has been performed on four frequently occurring flow regimes, as indicated 
by VW08. These are the westerly circulation (W) and south-westerly circulation (SW) in the winter, 
and the southerly circulation (S) and calm weather episode (HM) in the summer. The evaluation of 
the selected ABL schemes is performed based on the bias, the root mean square error (RMSE ), the 
systematic root mean square error (RMSEs) and Pearson correlation, between hourly observations 
and hourly simulation output for weather station DB. For a good model the RMSEs  vanishes (Will-
mott, 1982). The remaining unsystematic root mean square error (RMSEu) is a measure of random 
model errors. The variables are related as follows: 

    𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅� = 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅�  � + 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅�  �                            (2.1) 

 The significance of temperature differences between the R2000 and R1900 will be tested 
with a Student t-test and the non-parametric Wilcoxon signed z-test. Time series are considered. 
Therefore, we account for autocorrelation, which is a measure of similarity between consecutive 
model outputs as a function of the time lag. Since statistics are estimated on an hourly basis, the 
autocorrelation with 1 h lag is considered. The variance increases with the rate of autocorrelation 
according to  

     𝑣𝑣𝑣𝑣𝑣𝑣 𝑣 ��

� ����
����     (2.2) 

where 𝜌𝜌 is the autocorrelation, s  the standard deviation, and n  is the sample size (Wilks, 2006). 
The autocorrelation, on average amounts to 0.61 for a 1 h time lag, so that the variance increases 
with a factor 4–5 and the correction is therefore substantial.  

2.2.4 Land Use 

 In order to model the atmospheric state over and around Utrecht, the land use should be 
represented correctly. The United States Geological Survey (USGS) land use map has been used 
for the three outermost domains. For the innermost domain the Coordinated Information on the 
European Environment (CORINE) land use map (Commission of the European Communities, 
1995), last modified in 2007, has been used and reclassified such that it corresponds to the land use 
classification of the USGS. The CORINE land use map is required in model domain 4, because 
CORINE has, in contrast to USGS, a sufficiently high resolution. This is respectively 250 m for 
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CORINE and 900 meter for USGS. Note that VW08 also utilized CORINE. The basis of the 
constructed historical land use map is the topographic map of the province Utrecht, produced 
around 1905 (Wieberdink, 1989; Knol et al., 2004; Breedveld, 2005). This map has been gridded 
corresponding to the innermost WRF domain. The present and historical land use maps are shown 
in Figure 2.2. The growth of urban areas around weather station De Bilt is obvious between the 
present and historical land use map. Furthermore, the land use class for weather station De Bilt is 
the same in both land use configurations, i.e. pasture and grassland.  

 

 
Figure 2.2: Land use map of domain 4 used for the model simulations. R1900 left and R2000 right. Used 
land use categories of the USGS land use table are urban area (1), pasture and grassland (2), wetlands (3), 
cropland / grassland mosaic (4), cropland / woodland mosaic (5), heather (6), Deciduous broadleaf forest 
(7), deciduous needle leaf forest (8), evergreen needle leaf forest (9), water bodies (10). Weather stations 
Soesterberg and De Bilt are abbreviated as SB and DB respectively. The dashed lines indicate the outskirt 
De Uithof. 

The constructed historical land use map depicts a more patchy structure of different land 
use types than the present CORINE land use map, which is because the land use type in the his-
torical run is determined per grid cell. In CORINE some generalizations were already made, just 
as the minimal inventory unit has to be 25 ha (Buttner et al., 2002). For the constructed historical 
land use map this minimal inventory unit is not always desirable, because USGS also utilizes mixed 
land use types like the cropland/grassland mosaic. As an illustration, in case of a cropland patch < 
25 ha is surrounded by pasture, the cell would be assigned as cropland/grassland mosaic. In R2000, 
however, the cropland is not detected by CORINE when the patches of cropland cover < 25 ha. 
Then, the land use of the grid cell is reclassified into the type “pasture and grassland” instead of a 
cropland/grassland mosaic. The different detection procedure between the historical run and the 
present run explains the difference in patchiness of the land use map.  
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2.2.5 Anthropogenic heat 

Another crucial model input parameter is the anthropogenic heat flux (AH), which is expected to 
be a substantial urban heat source, especially in winter because of building heating (Klok et al. 2010; 
Allen et al., 2011). Generally, the AH consists of three components, i.e. natural gas consumption, 
electricity and transport. Heat release from human metabolism is considered as well (Table 2.4). 

Table 2.4: Estimated anthropogenic heat fluxes in 1900 and 2000 (in Wm-2). The fossil fuel energy usage 
comprises i.e. transit, building heating and electricity.  

Anthropogenic heat 1900  2000  

Gas consumption - 8.57 

Electricity - 3.96 

Transit - 4.7  

Fossil fuel energy usage 
(Gas consumption + electricity) 

15.15  - 

Metabolic rate 3.76 0.90 

Total 18.91 18.13 

 
 Due to the privatization of the gas market, the natural gas consumption is difficult to esti-
mate for Utrecht. Therefore, we follow Klok et al. (2010) who quantified the AH for Rotterdam 
(the Netherlands), and we assume the gas consumption per capita of the complete country is also 
valid for Utrecht. In summer less natural gas is used than in winter, and therefore we distinguish 
the natural gas consumption per month (CBS, 2001). With the population density of Utrecht, the 
AH contribution is ~8.6 Wm-2.  

 The Central Office for Statistics (CBS, 2001) also provides monthly values for electricity 
consumption, consisting of consumption by the public network and by companies. In total, 387.7 
PJ is consumed, which gives 3.96 Wm-2. We assume that all electricity consumption is dissipated as 
heat in the local environment (as in Klok et al. (2010) and VW08). 

 In estimating the contribution by traffic, we take the same heat contribution as in Klok et 
al. (2010) for Rotterdam. We assume no large differences in traffic compared with Rotterdam, and 
therefore 4.7 Wm-2 is used. Finally, the human metabolic rate amounts on average ~175 W per 
person (Sailor & Lu, 2004; Klok et al., 2010). With a population density of 5155 inhabitants per 
km-2 in Utrecht, the metabolic rate amounts to 0.90 Wm-2. 

 The AH for 1900 (18.9 Wm-2) corresponds closely with the AH of 2000 (18.1 Wm-2, Table 
2.4). At first sight, this looks surprising, because the energy consumption per capita increased by a 
factor 5 in the 20th century (CBS, 2001). However, the four times larger population density in 
Utrecht compensated this completely. The metabolic rate rose by a factor four, and the energy 
consumption per m2 does not differ much compared with the present. Due to the small differences 
the same AH values are used for the R1900 and R2000. Finally, the reported AH values in Table 
2.4 are yearly averaged numbers, while for our model analysis monthly and seasonal data are re-
quired.  
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 For the validation of the boundary-layer schemes MRF and MYJ (Section 2.3.1 and 2.3.2), 
we utilize specific monthly AH averages. These are respectively; 12 Wm-2 for the July (HM) case, 
15 Wm-2 for the May (NW) case, and 26 Wm-2 case for the December cases WW and SW (CBS, 
2001). The fourteen episodes used for the model analysis (Section 2.3.3 and 2.3.4) are run with a 
distinct representative AH for the summer half year and winter half year, i.e. 14 Wm-2 and 22 Wm-

2. This is preferred, because this filters the intra-seasonal variability in AH which otherwise interacts 
with the circulation types. For instance, the AH is higher in December compared to October due 
to more building heating. The ratio of the AH in winter half year and summer half year, i.e. 1.6, is 
close to findings for London (Hamilton et al., 2009; Allen et al., 2010). Our WRF simulations 
account for a diurnal and monthly cycle of AH (see Table 2.3) (Kimura & Takahashi, 1991; Kusaka 
& Kimura, 2004). 

2.2.6 Available observations 

 We utilize routine hourly observations of the weather station De Bilt (52°06’ N, 5°11’E, 
1.9 m above sea level) to estimate the UITE from field observations as well as for model validation. 
This station is located on a grass field over a sandy soil, and its surroundings are characterised by 
half open landscape with grass and arable land as well as forests and built up area. In addition, we 
use routine observations of Herwijnen (51°51’N., 5°09’E., 0.9 m above sea level about 30 km south 
of DB) which is located in a polder covered with grass vegetation and a river clay soil. The latter 
station is used to independently estimate the UITE from an observational perspective. At both 
stations temperature is recorded by electronic sensors in a multi-plate screen. More detailed back-
ground information is available in van der Meulen and Brandsma (2008), and at KNMI (2013). 

2.3 Model results for urban heat island characteristics 

2.3.1 Sensitivity to boundary-layer scheme 

In general, we note that atmospheric boundary layer (ABL) schemes still pose many challenges (e.g. 
Holtslag et al., (2013)). Here we evaluate the ABL schemes MRF and MYJ for four key variables, 
i.e. temperature (T2), wind speed (U10), specific humidity (q2) and global radiation (K ↓) over the 
entire period of 7 days for each case (Table 2.5); an overview of these associated time series is 
presented in Figure 2.3. Statistics over these relatively long time series are more robust than over a 
shorter series as in VW08 who used 4 of the 7 modelled days. Overall, the utilized statistical 
measures indicate that the model skill for the selected key variables does not uniformly improve by 
removing the worst three days (as done in VW08) from our analysis. 
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Figure 2.3: Simulated (MRF) and observed values of temperature, specific humidity, wind speed and global 
radiation for the four episodes, i.e. A-D: WW; E-H: SW; I-L: NW; M-P: HM. Asterisk symbols represent 
the observations and the solid line corresponds to model simulations.  

From this analysis MRF appears to outperform MYJ for most criteria, although the differ-
ences between the schemes are rather small (Table 2.5). In general, we find the score for tempera-
ture is best for MRF based on (systematic) RMSE and bias. MYJ shows too low T2, especially 
during daytime, and is moister than MRF, which corresponds with results from earlier sensitivity 
studies (Pino et al., 2004, Garcia-Diez et al., 2012). This is related to the local mixing of MYJ, which 
underestimates the vertical mixing and the accompanying entrainment at daytime (Hu et al., 2009). 
Compared to observations, however, MYJ is not too moist and has a smaller bias than MRF. 
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Table 2.5: Evaluation of the WRF model results for the MRF and MYJ by statistics of the key variables 
temperature (T2 ), specific humidity (q2 ), wind speed (U10 ) and global radiation (K ↓ ) for the four episodes. 
Italic numbers indicate the best performing ABL scheme. 

 WW (Dec 1999) SW (Dec 2000) NW (May 2001) HM (July 2001) 

 MRF MYJ MRF MYJ MRF MYJ MRF MYJ 

 2-m temperature (T2 ) 
RMSE (K) 1.32 1.39 1.45 2.03 1.87 2.46 2.81 3.15 

RMSEs (K) 0.60 1.14 0.95 1.62 1.05 1.73 2.22 2.64 

Bias (K) -0.16 -0.95 -0.76 -1.44 -1.05 -1.97 -2.06 -2.38 

Correlation 0.88 0.94 0.81 0.74 0.91 0.92 0.87 0.85 

 2-m specific humidity (q2 ) 
RMSE (g kg-1) 0.49 0.41 0.62 0.54 0.96 0.58 1.47 1.29 

RMSEs (g kg-1) 0.28 0.25 0.35 0.31 0.80 0.25 1.18 0.86 

Bias (g kg-1) -0.27 0.06 -0.33 -0.28 -0.77 -0.18 -0.95 -0.69 

Correlation 0.95 0.94 0.83 0.85 0.84 0.85 0.83 0.43 

 10-m wind speed (U10 ) 
RMSE (ms-1) 1.33 2.73 1.06 1.83 0.99 1.31 0.94 1.49 

RMSEs (ms-1) 1.03 2.30 0.42 1.45 0.26 0.66 0.83 1.14 

Bias (ms-1) -0.62 2.30 0.23 1.43 0.14 0.70 0.25 1.02 

Correlation 0.89 0.86 0.69 0.69 0.77 0.74 0.46 0.41 

 Surface downwelling radiation (K ↓ ) 
RMSE (Wm-2) 22.23 30.60 30.74 38.36 113.89 142.27 161.30 170.90 

RMSEs (Wm-2) 12.92 17.20 24.02 35.81 34.20 73.31 0.84 48.61 

Bias (Wm-2) -6.03 -9.08 -13.74 -18.03 32.16 -19.98 -19.71 -20.02 

Correlation 0.90 0.81 0.76 0.63 0.92 0.82 0.84 0.83 

 
Considering the HM case (July), the T2  is substantially underestimated with a bias of -2.06 

K. The modelled T2  of MRF is still better than that of MYJ (bias = -2.38 K). In addition, MRF 
underestimates the q2 by -0.95 g kg-1. Two possible reasons for the underestimated T2  are the 
overestimated soil moisture content in the model, and the temperature at 850 hPa is ~2 K too low 
compared to sounding observations from weather station De Bilt (not shown). This too low 850 
hPa temperature inhibits the T2  to rise towards the observed maximum temperatures. The K ↓ is 
negatively biased for July, which can be explained by the fact that more cumulus clouds have been 
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observed (based on satellite clouds observation (not shown)) than were present in the model sim-
ulation. Finally, the U10   is well represented in the model with the largest positive bias at night (mean 
bias = 0.25 ms-1).  

The episode in December 1999 (WW) is relatively easier to model than the previously de-
scribed summer case, because the ABL is relatively neutral. This episode is characterized by mod-
erate to strong winds (~5 ms-1), which results in a better representation of T2. Exceptions are the 
calm nights occurring at December 5th and December 6th. The observed T2 was 3 K colder than 
modelled, especially because the wind vanished in reality, but not in the model run. On the contrary, 
considering the full episode, WRF slightly underestimates U10. The modelled q2 corresponds with 
the observations with a bias of only -0.27 g kg-1 and a RMSE of 0.49 g kg-1. K ↓ is of relatively 
smaller importance in winter, but is still correctly forecasted (bias = -6 Wm-2 and RMSE =                
22 Wm-2). 

In the case of December 2000 (SW) the model forecasts also indicate a lower T2  than 
observed (bias = -0.76 K). Especially the first two days are too cold in the model (1.6 K). Cloud 
differences, which may affect the energy balances, cannot explain this deviation. In addition, a small 
bias is found for q2 (-0.33 g kg-1). The forecasted U10  is close to the observed U10  with a bias of 
0.23 ms-1 and a RMSEs of 0.42 ms-1. 

For the May 2001 case (NW) the modelled T2 is negatively biased by -1.05 K. A relatively 
large part of this bias is due to the cold nights of 5 and 6 May, which were not correctly simulated 
by WRF. In particular, observations showed that these nights had partly cloudy skies, while the 
model forecasted clear skies. The lack of clouds is also the reason behind the overestimated K ↓ 
(~32 Wm-2). The observed clouds on May 5th and 6th were hardly reproduced in the model. Also, 
q2  is almost always negatively biased, on average -0.77 g kg-1. The forecasted U10  corresponds 
relatively well with the observations with a RMSE of 0.99 ms-1 and a bias of 0.14 ms-1. 

Considering the fact that VW08 performed a comparable mesoscale model study using a 
different model, i.e. the ARPS model (Xue et al., 2000) for the same episodes, it is interesting to 
compare the model skill of WRF with that of ARPS (VW08 Table 2). Based on both the bias and 
RMSE for T2, WRF performs slightly better for the WW and NW cases, and slightly worse in the 
HM and SW cases. Interestingly, the bias for q2  is larger for WRF than for ARPS, while for RMSE 
WRF performs better than ARPS for all cases, except HM. Concerning U10, the RMSE is typically 
0.2 ms-1 higher in WRF than for ARPS for all cases. This is consistent with the enhanced mixing 
in the MRF scheme utilized in WRF (e.g. Steeneveld et al., 2011b), compared to the moderate 
mixing in the TKE-based ABL scheme in ARPS. Finally, WRF performs considerably better than 
ARPS for K ↓ based on both the bias and RMSE. Particularly in the NW case the RMSE amounts 
to ~60 Wm-2 less than by ARPS. 

Despite the fact that the WRF model results contain a number of systematic biases, espe-
cially for the HM case, we consider the model results suitable to estimate UITE. Note also that the 
largest contribution to UITE is by the SW case (see next section), for which WRF produces the 
best forecast (and outperforms ARPS). For further evaluation of WRF for Dutch conditions we 
refer to Steeneveld et al. (2011b). 
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2.3.2 Surface Energy balance  

The surface energy balance in R2000 is not substantially different from R1900 for weather station 
De Bilt (not shown). Since the grid cell of De Bilt shares the same land use, soil and initial soil 
moisture, this is not surprising. However, for the winter episode December 1999 (WW) a difference 
in the sensible heat flux downstream of Utrecht is observed in the order of 10-15 Wm-2 at daytime. 
In R2000, the sensible heat flux is more negative downstream of Utrecht than in R1900. This is 
because the urban plume causes a larger temperature gradient between screen level and ground 
level. With cloudy days in the winter, it is quite normal that the sensible heat flux is directed down-
wards during a large part of the day (in winter the atmosphere is stably stratified approximately 
60% of the time in coastal wind climates (Barthelmie, 1999)). Cities generally show positive values 
for the sensible heat flux in winter at daytime, due to the addition of AH. 

 In order to illustrate the differences in energy balance for a relatively clear spring week, 
Figure 2.4 shows the energy balance components for the centre of Utrecht compared with weather 
station De Bilt (over grass) for May 2001 (NW). The storage flux is clearly larger in Utrecht, due 
to the larger heat capacity of the urban fabric. The difference in partitioning of the latent heat flux 
and sensible heat flux are characteristic for these areas. Due to the relatively small amount of veg-
etation and high fraction of impervious surfaces in urban areas, a large part of the net radiation is 
used for the sensible heat flux instead of the latent heat flux. However, the net radiation itself is 
slightly lower for urban areas in all seasons. This is the result of higher temperatures in the city 
which supports emission of longwave radiation.  

 
Figure 2.4: The 7-day averaged modelled energy fluxes for weather station De Bilt (green) and the energy 
fluxes for the centre of Utrecht (black) for the May 2001 episode. All energy fluxes are counted positive 
upward. Net radiation (dashed line); sensible heat flux + anthropogenic heat (dotted dashed line); latent 
heat flux (solid line); storage heat flux (dotted line). 

2.4 Urbanization Induced Temperature Effect (UITE) for weather station  
De Bilt 

2.4.1 Yearly average UITE 

From the fourteen model simulations comprising all atmospheric circulation types (GWT) for sum-
mer and winter, we can estimate an average UITE for DB, since the frequencies for the 14 chosen 
episodes are known (Table 2.6) (Werner and Gerstengarbe, 2010). These frequencies are calculated 
between 1881 and 2008, and are also assumed to be representative for the present situation. The 
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modelled total average temperature difference (UITE) then becomes 0.22 ± 0.06 K (Figure 2.5), 
which is significant at the 0.95 level. The standard error is calculated considering autocorrelation. 
WRF simulations using the MYJ ABL scheme confirm the UITE estimate of MRF (also 0.22 ± 
0.06 K). Within these episodes, the average UITE differs with a maximum of 0.08 K between MYJ 
and MRF. The main difference between both schemes is that MRF clearly simulates substantially 
warmer cities than MYJ which is in the order of 25%. The relatively close correspondence of the 
two estimates indicates an apparently small sensitivity to the boundary-layer scheme. 

 
Figure 2.5: Yearly averaged UITE (K), which is composed by the difference in temperature between R2000 
and R1900 averaged with frequencies over all weather episodes using MRF. SB and DB indicate the weather 
stations in Soesterberg and De Bilt, respectively. Names of cities and towns are also indicated. 

Figure 2.5 also shows the spatial distribution of the yearly averaged UITE, and indicates 
that the largest temperature differences between R2000 and R1900 in rural areas can be found 
North-East of the urban areas. This is a result of the predominantly south-westerly flow in the 
Dutch climate. Another important result is that other locations between Utrecht, De Bilt, Zeist and 
Houten show similar anomalies as the location of DB. Therefore, weather station De Bilt is repre-
sentative for the landscape between the urban areas of Utrecht, De Bilt, Zeist and Houten. On the 
northern side of Utrecht anomalies can still be detected at a large distance from Utrecht. The heat 
advection has on average an influence of 0.05 K more than 5 km away from the city. Southeast of 
Utrecht the anomaly is slightly larger than for DB, which is due to a larger urban extension as 
compared to DB. Note that the current city centre of Utrecht was also present in R1900. The shape 
of this city centre can be observed in Figure 2.5 as an area with a relatively small anomaly. 
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Table 2.6: Statistical analysis of the MRF model results for all 14 episodes. The winter episodes have affix 
1 and the summer episodes have affix 2. Day and night are divided by sunrise and sunset. (Student t-test 
has been corrected for autocorrelation). 

Statistics 
DB 

Mean 
UITE (K) 

No. of. 
hours. N 

Student 
t-test 

P 
value 

Wilcoxon 
signed (z) 

P 
value 

Freq. of 
occurrence 

1. Dec 1999 (W1) 0.293 169 5.79 0.00 -9.94 0.000 28.8% 
Day 0.434 56 8.91 0.00 -6.51 0.000  
Night 0.223 113 3.95 0.00 -7.47 0.000  
2. Dec 2000 (SW1) 0.257 169 3.29 0.00 -8.10 0.000 6.3% 
Day  0.458 56 5.52 0.00 -6.41 0.000  
Night  0.157 113 1.87 0.06 -4.84 0.000  
3. Jan 2000 (NW1) 0.238 169 2.43 0.01 -5.64 0.000 7.9% 
Day  0.487 62 7.78 0.00 -6.24 0.000  
Night  0.093 107 0.72 0.47 -1.96 0.050  
4. Dec 2004 (HM1) 0.089 169 2.15 0.03 -4.72 0.000 17.2% 
Day 0.151 56 2.82 0.00 -5.03 0.000  
Night 0.058 113 1.02 0.31 -2.45 0.014  
5. Feb 2005 (N1) 0.189 169 2.41 0.01 -5.09 0.000 13.4% 
Day  0.248 72 2.34 0.02 -5.07 0.000  
Night  0.145 97 1.47 0.14 -3.22 0.001  
6. Feb 2003 (E1) 0.100 169 2.46 0.01 -3.97 0.000 15.4% 
Day 0.106 70 2.90 0.00 -2.78 0.005  
Night  0.095 99 1.51 0.13 -2.86 0.001  
7. Oct 2000 (S1) 0.004 169 0.07 0.94 -3.30 0.001 8.0% 
Day - 0.015 70 -0.22 0.82 -0.64 0.525  
Night 0.018 99 0.19 0.85 -3.73 0.000  
8. June 2004 (W2) 0.314 169 4.59 0.00 -7.04 0.000 25.0% 
Day 0.210 119 5.82 0.00 -5.85 0.000  
Night 0.561 50 3.23 0.00 -3.59 0.000  
9. Apr 2003 (SW2) 0.271 169 4.49 0.00 -8.33 0.000 3.8% 
Day 0.159 103 4.54 0.00 -6.71 0.000  
Night 0.446 66 3.58 0.00 -5.12 0.000  
10. Sep 2001 (NW2) 0.455 169 7.10 0.00 -9.35 0.000 9.0% 
Day 0.322 93 4.22 0.00 -5.80 0.000  
Night 0.617 76 7.40 0.00 -7.17 0.000  
11. Jul 2001 (HM2) 0.245 169 4.15 0.00 -6.91 0.000 16.0% 
Day 0.107 112 2.77 0.00 -4.79 0.000  
Night 0.515 57 4.06 0.00 -4.71 0.000  
12. June 2000 (N2) 0.254 169 4.65 0.00 -6.55 0.000 18.4% 
Day 0.194 119 3.94 0.00 -4.73 0.000  
Night 0.398 50 2.67 0.01 -4.11 0.000  
13. Apr 2002 (E2)  0.136 169 3.37 0.00 -6.25 0.000 15.5% 
Day 0.084 87 2.36 0.02 -2.54 0.011  
Night 0.192 82 2.89 0.00 -5.49 0.000  
14. May 2001 (S2) 0.206 169 1.69 0.09 -5.38 0.000 8.6% 
Day 0.161 106 1.05 0.29 -5.05 0.000  
Night 0.283 63 2.54 0.01 -2.70 0.000  

 



2

2.4 Urbanization Induced Temperature Effect (UITE) for weather station  De Bilt 

37 
 

2.4.2 Diurnal evaluation of urban heat advection 

  For the summer months, we expect the largest UHI (and consequently the largest UITE) 
in the evening, due to the heat capacity of urban fabric (Oke, 1982). In the night the UITE gradually 
decreases, until sunrise, when a comparatively faster heating of the rural surroundings cancels the 
UHI. The episodes with prevailing winds from De Bilt and Utrecht, i.e. June (W2), April (SW2) 
and May (S2), follow such an evolution. May (S2) is depicted in Figure 2.6. May (S2) is an exception 
in showing a negative UITE at night. The UITE at weather station De Bilt peaks in the evening, 
and starts developing more than 1 hour before sunset, and reaches its maximum at 21 UTC. This 
corresponds to the timing of the maximum UHI found for cities in other studies (Oke, 1982; Unger 
et al., 2001). During daytime, the signal in the UITE is relatively small but relatively constant i.e. 
0.2 K. 

  
Figure 2.6: a) Diurnal evolution of UITE for the May 2001 case (S2) and b) December 1999 (W1) for wind 
directions from De Bilt (0°–40°) and Utrecht (210°–300°). The vertical lines at 5 UTC, 20 UTC (S2), 8 
UTC and 16 UTC (W1) mark sunrise and sunset. The error bars display a 0.9 confidence interval. 

 The winter episodes show a different diurnal evolution of UITE, i.e. the urban heat advec-
tion is clearly higher during daytime and the evening than at night. A good illustration is December 
1999 (W1) (Figure 2.6). Differences in energy balances due to solar radiation are of relatively smaller 
importance in winter than one would anticipate. As such, the differences in AH during the day can 
largely explain the observed differences in diurnal evolution of UITE. During daytime, more AH 
is released by traffic and more fuel is used for building heating. The UITE is still present after 22 
UTC, when AH consumption is diminished (Figure 2.6), which can be attributed to the large heat 
capacity of cities. 

a 

b 
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 Because of the windy conditions in the December (W1) case, the ABL in domain 4 is close 
to neutral in the night. This suggests that AH is approximately mixed in a similar way during day 
and night. Therefore, the larger contribution of AH during daytime results in a corresponding by 
higher UITE. The relative importance of AH is confirmed by a sensitivity analysis for the Decem-
ber 1999 (W1) case (not shown). Without AH, December 1999 shows practically no UITE (0.01 
K). In the winter the subsequent UITE for downstream areas of cities appeared to be a little larger 
than that for the summer episodes. Hence, AH is a large contributor to the UITE in winter. For 
the city of Utrecht itself the mean UHI does not differ substantially between summer and winter. 
Modelling studies such as Ichinose et al. (1999), Khan and Simpson (2001), Narumi et al. (2009) 
and Quah and Roth (2012), confirm that AH can have a substantial impact on the surface fluxes 
and resulting UHI. In addition, model studies (e.g. Ichinose et al., 1999; Aoyagi et al., 2012) and 
observational analysis (e.g. Klysik, 1996; Simmonds & Keay, 1997) noticed that AH has an impact 
on UITE in the winter season. Despite the larger AH fluxes, this is related to relatively stable 
atmospheric conditions in winter (Aoyagi et al., 2012). 

2.4.3 Differences in UITE between circulation types 

In this section, we quantify the UITE for the weather station De Bilt for each circulation type 
(Table 2.6). In addition, a Student’s t-test and the Wilcoxon signed z-test are utilized to determine 
the significance of the urbanization effect. In addition, to evaluate whether WRF reproduces the 
downwind heat advection, the UITE is determined per wind direction for each weather episode in 
Figure 2.7. Most episodes show significantly higher temperatures for R2000 than for R1900, as 
noted in the mean UITE (Table 2.6). Exceptions are the southerly circulations in October 2000 
(S1) and May 2001 (S2). For October (S1) this small UITE is explained by the wind direction that 
was most from the south and southeast, and then comes from a rural area (Figure 2.7). For case S2 
in May especially winds from a northeasterly direction coming from De Bilt are observed. Despite 
the fact that the average UITE for May (S2) is close to the yearly average UITE (0.206 K), the 
R2000 run is not significantly warmer than R1900, which is caused by relatively large variations in 
nighttime temperatures and a high autocorrelation of the time series. It is remarkable that the east-
erly flows of April 2002 (E2) and February 2003 (E1) also show significantly higher temperatures 
for R2000. For February (E1) this small UITE is largely explained by the presence of Zeist. For 
April (E2) partly urban heat is advected from De Bilt, but the winds from the forests north east of 
weather station De Bilt still have a small UITE of 0.09 K that cannot be explained.  
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Figure 2.7: Modelled UITE for the 7 weather episodes in winter (left panel, affix 1) and in summer (right 
panel, affix 2) as function of the modelled wind direction at DB. The shaded areas between the lines are 
the wind directions where De Bilt (0°–40°) and Utrecht are located (210°–300°). The error bars display a 
0.9 confidence interval. The black line indicates the number of hours of the wind direction. 

To investigate the distribution of the hourly UITE values, one can study by how much the 
mean UITE values are affected by skewness of the hourly UITE values. Figure 2.8 shows that 
UITE values are approximately normally distributed for most of the episodes. Results for the cir-
culations with relatively small urbanization upwind, such as the southerly and easterly circulations, 
do not show a normal distribution (Figure 2.8). Most hourly values are around 0 K or slightly 
above. A relatively small number of hours with few winds from urban areas cause the large tails at 
the righthand side. The other episodes, with more urban heat advection, more closely approach a 
normal distribution. Also, these runs show that the winds are not always directed from the city, but 
the few winds from rural areas are not disturbing the approximate normal distribution because they 
have on average no UITE-signal. 



Chapter 2    Effects of urbanization on a homogenized temperature record     

40 
 

 
Figure 2.8: Histogram of UITE (K) for the 7 weather episodes for winter (left panel, affix 1) and the 7 
episodes in summer (right panel, affix 2). The black line presents the normal distribution fit. 

2.4.4 Dependence on wind direction 

To evaluate the modelling results it is tempting to analyse whether the largest modelled UITE 
indeed originates from urban areas. Wind directions from De Bilt and Utrecht predominantly give 
a significant UITE for a sufficient number of wind direction registrations (Figure 2.9). Good ex-
amples of UITE from Utrecht are the circulations in December 1999 (W1), June 2004 (W2), April 
2003 (SW2) and September 2001 (NW2). Winds from De Bilt give higher temperatures for Febru-
ary 2005 (N1), July 2001 (HM2) and May 2001 (S2). Sometimes a small UITE is simulated outside 



2

2.4 Urbanization Induced Temperature Effect (UITE) for weather station  De Bilt 

41 
 

the urban boundaries, as in December 2000 (SW1) for southerly winds and February 2003 (E1) for 
east-southeasterly wind. However, often this is still related to other urban areas as the outskirts De 
Uithof and Houten (180°–210°) and Zeist (90°–130°). The northwest wind sector (320°–350°) 
shows a clear UITE signal because of a fetch over southwest De Bilt, simulated in September 2001 
(NW) and June 2000 (N2). Overall, the heat contamination in weather station De Bilt originates 
equally from the small town of De Bilt and the city of Utrecht. 

 

Figure 2.9: UITE (K) as function of wind direction. The blue line represents the case averaged UITE from 
model simulations. The green line represents the differences in temperature between observations of 
weather station De Bilt and observations of weather station Herwijnen in the period 2009–2011. The 
shaded areas between the lines are the wind directions where De Bilt (0°–40°) and Utrecht are located 
(210°–300°). The error bars display a 0.9 confidence interval. 

 Similar to B03 we compare the T2  observations of weather station De Bilt with a nearby 
located rural weather station, i.e. Herwijnen. In contrast to B03, we use a more recent time span of 
the De Bilt’s temperature record. DB has been moved in 2008 to a more open and representative 
location (Brandsma, 2011). Therefore, we compare our model results with observations of three 
consecutive years from 2009 till 2011 (Figure 2.9). The temperature measured at the new site is 
however on average 0.15 K warmer than at the old location (Brandsma, 2004). The old site was 
sheltered by nearby vegetation which resulted in lower nighttime temperatures. Assuming that tem-
peratures at the old and new site were equal over hundred years, this implies that the centennial 
trend caused by urbanization effects becomes 0.25 K for the new operational site (Brandsma, 
2004), based on the intercomparison study of DB and SB (B03). This result is clearly more con-
sistent with the findings of our modelling study (0.22 K ± 0.06).  

In this wind direction analysis (Figure 2.9), weather station Herwijnen is chosen as a rural 
station instead of weather station Soesterberg (as in B03), because the latter has been terminated 
in 2008. An advantage of Herwijnen is that it is uniformly rural, without cities located close to the 
station. Also, both weather station De Bilt and Herwijnen are located at similar distances from the 
coast, and thus experience the same degree of continentality. An updated analysis on the urbaniza-
tion effects of DB with 30-year climate data up to 2020 is presented in the Perspectives (Section 
6.2). 
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Averaged over the time span 2009–2011 we clearly find higher temperatures for wind di-
rections between (210°–300°) and (0°–40°) from observations of DB compared to observations of 
Herwijnen (Figure 2.9). These wind directions coincide with city Utrecht and town De Bilt, being 
upstream for DB. Based on observations, the wind directions from these cities give an approximate 
UITE of 0.4 K. The dip at 260° can again be explained by the location of the city of Utrecht in 
R1900. The deviation between the observations of Herwijnen and De Bilt between 270–300° is 
not fully understood. Here, the observations indicate a larger urban heat advection from the north-
ern part of Utrecht than the model does. 

 For the summer season the model simulations underrepresent the frequency of occurrence 
of wind directions from the south-east (120°–145°) and the south (170°–180°). In these directions 
relatively minor urban areas are located. In addition, this underrepresentation by WRF hardly af-
fects the UITE estimate of the summer season. If the UITE estimates from these wind directions 
are weighted based on the observed wind direction frequency, the summer averaged UITE differs 
less than 0.01 K, compared to an estimate based on GWT frequencies. During the winter, model 
results show a good representation in the south and south-east directions and also the other wind 
directions show no considerable underestimation.  

 Surprisingly, the comparison with measurements of Herwijnen also shows a strong UITE 
in the directions 310°–340°. Possibly this effect has a different cause than heat advection from 
cities since there are no urban areas nearby in these directions. The simulated substantial UITE for 
320°–340° can be partly attributed to the resolution. In reality the urban cell NW of weather station 
De Bilt consists of a large fraction of green.  

2.4.5 Comparison against observational evidence 

Finally, we compare our modelling results with observational evidence, and we bring our results in 
a larger scale context. For the estimation of the yearly averaged UITE, the fourteen simulated 
episodes represent ~97% of the GWT’s. Thereby, these GWT simulations have been run both in 
summer and in winter season. In contrast to VW08, substantially more simulations are utilized to 
achieve an annual averaged UITE. On the other hand, a GWT is a class of more Grosswetterlagen 
that can be mutually diverse in wind direction and weather (Werner and Gerstengarbe, 2010). Thus 
some particular Grosswetterlagen are not examined in the simulations. 

In addition, we note that in the current study we did not account for urbanization in the 
region beyond Utrecht, i.e. in model domains 1–3. Particularly in the western part of the country, 
cities like Rotterdam, The Hague, and Leiden have spatially expanded as well. Although it is difficult 
to estimate this contribution more precisely, this signal will add to the local contribution in UITE 
for DB. We estimate this effect around ~0.02 K, based on UITE values at locations at similar 
distances from Utrecht as the approximate distances between the western cities and Utrecht. Nev-
ertheless, the currently reported UITE values can be considered as lower boundary values concern-
ing this aspect. Conversely, we see that the urban plume can persist for long distances downstream 
in the simulations sometimes. At 17 km distance north of the border of Utrecht an averaged UITE 
of 0.10 K is simulated in the predominant southerly circulation in the December 1999 (SW) case. 

 Comparing the UITE results of weather stations De Bilt and Uccle (near Brussels), VW08 
estimated an UITE of 0.8 K for weather station Uccle, which is much larger than the UITE found 
from our analysis of 0.22 K. However, their estimate is only based on 57% of the GWT’s. Another 
difference between the stations Uccle and De Bilt is related to the fact that Brussels is a larger city 
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than Utrecht. In addition, Uccle is surrounded by urban areas in all wind directions and the distance 
to the urban area is smaller than for DB, namely 200 m. Although we notice a lower UITE in this 
study, the UITE is statistically more significant than in VW08. This is partly because the internal 
variation in UITE was much lower for DB than for Uccle and this research simulated significantly 
more cases. 

 Next, we aim to estimate the relative contribution of UITE on the centennial temperature 
trend for DB. van der Schrier et al. (2011) observed a 1.3 K temperature increase for weather 
station De Bilt during the 20th century. In addition, van Oldenborgh and van Ulden (2003) found 
that 0.2 K temperature increase can be related to a change in large scale flow pattern towards more 
(south)westerly winds. Thus, the centennial temperature trend independent of wind direction 
changes amounts to 1.1 K. In combination with our UITE estimate of 0.22 K, we can conclude 
that urbanization is responsible for about 20% of the estimated temperature trend at weather sta-
tion De Bilt.  

 It is also interesting to note that the difference between the trend of the homogenized series 
of weather station De Bilt and the CNT trend is smaller than our UITE estimate, i.e. 0.15 K (van 
Ulden et al., 2009). This is plausible since the CNT-stations other than De Bilt face much less 
urbanization, but a background urban contamination apparently cannot be neglected as is sug-
gested by the difference with the CNT trend. Also weather station Soesterberg, which serves as 
rural reference station in the comparison study of B03, was most likely affected. Soesterberg is 
located 7 km east-north east of weather stations De Bilt and falls within the smallest domain and 
showed a simulated UITE of 0.08 K. This estimate is probably an underestimation since cities as 
Amersfoort (6.6 km east of SB) are located in domain 3 and are therefore not represented in the 
model simulations. At a larger scale Lim et al, (2005) simulated for densely built grids (5° x 5°) 
covering the Netherlands a 0.6 K larger centennial trend than the trend for agricultural land grids.  

2.5 Conclusions 

This study quantifies the Urbanization Induced Temperature Effect (UITE) of Utrecht and sub-
urbs on weather station De Bilt (the Netherlands), which is located east of Utrecht. This station 
has one of the longest observational records worldwide (since 1901). Fourteen 7-day cases with 
different large-scale flow patterns have been hindcasted with the meso-scale model WRF for both 
the land use of 1900 and 2000, equally distributed over winter and summer.  

It appears that both in summer and in winter UITE is substantial when the flow is directed 
from the cities. In winter, this is mainly caused by anthropogenic heat emission. By upscaling the 
large-scale circulation frequencies (Grosswettertypes) a yearly averaged UITE is constructed which 
amounts to 0.22 ± 0.06 K for the 20th century. This is substantially more than earlier estimates 
from comparison of field observations (0.10 ± 0.06 K) as reported by B03. This remarkable dif-
ference calls for further investigation. 

We would like to remark that the current modelling approach must be seen as a first at-
tempt with the currently available computer capacity. This allows for adequate modelling of flows 
with downwind heat advection, but finer scale details such as the urban breeze (as in Hidalgo et al., 
2008) are less likely reproduced. However, the use of a spatially finer resolution would violate as-
sumptions made in the parameterisations for turbulent transport. This so-called “grey zone prob-
lem” (Wyngaard, 2004) currently prevents us from using a higher resolution than 500 m. Although 
downwind advection is probably the dominant mechanism, we recommend to repeat the current 
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study in the future if more computer resources and adequate parameterizations are available to 
investigate the impact of these flows on the finer scale. 

Finally, we recommend to investigate the impact of urbanization on UITE for wide areas 
around cities, in order to determine whether a background UITE occurs. This applies especially to 
densely built countries.  
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Chapter 3 

Fine-scale urban data assimilation and weather reanalysis for 
Amsterdam 

Abstract 

Ongoing urbanization highlights the need for a better understanding and a high-resolution docu-
mentation of the urban climate. In this study, we combine rural observations by WMO surface 
stations, weather radar data and urban crowd-sourced observations with very fine scale modelling 
efforts for Amsterdam (the Netherlands). As model we use the Weather Research and Forecasting 
(WRF) mesoscale model with 3D variational data assimilation at a 100-m resolution in the inner-
most model domain. In order to enable the assimilation of observations within the urban canopy, 
we develop a scheme to reduce the urban temperature biases by adjusting the urban fabric temper-
atures. The scheme is tested against independent urban observations for the summer month of July 
2014 and specifically for a hot period and an extreme precipitation event therein. We find data 
assimilation reduces biases in temperature, wind speed and specific humidity. Within the city the 
most significant improvement is the reduction of negative temperature biases during clear nights, 
which implies a better prediction of the urban heat island (UHI). Concerning precipitation, the 
fractional skill score improves step by step when assimilating additional observations, while the 
largest impact is seen from assimilation of weather radar observations.
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3.1 Introduction 

Today’s weather and climate models are progressing towards ever finer spatiotemporal scales, 
which is closely related to the enhanced computational capabilities that have become available. 
Recently a global grid spacing of 1 km was employed for numerical weather prediction (NWP) 
models (Wedi et al., 2020). While moving to these high resolutions, the representation of cities in 
NWP models becomes crucial. The complex structures of cities, made up of buildings, streets and 
vegetation of variable sizes and shapes, require a different modelling approach than the usually 
more homogeneous rural surroundings. In mesoscale atmospheric models (resolution: 0.5–2 km), 
urban canopy-layer schemes are primarily used to model the radiation and energy balance of the 
urban surfaces in the modelling domain (Masson, 2000; Kusaka et al., 2001; Martilli et al., 2002; 
Chen et al., 2011). Most of these parameterisations take into account effects of shading, radiation 
trapping, drag and anthropogenic heat emissions. In spite of evidence that the models perform well 
on a case-by-case basis (Miao et al., 2009; Salamanca et al., 2011), most models still show large 
biases in the representation of the energy balance and have a large spread without “proper tuning” 
(Grimmond et al., 2010; Loridan et al., 2010). Therefore, steps are still required to improve mete-
orological forecasting and hindcasting of the urban environment. 

Improved model performance can be achieved by advancing the physics of the model 
and/or steering the model using observations, e.g. by applying data assimilation. The purpose of 
data assimilation is to accurately describe the state of the atmosphere using observations and model 
results. By using data assimilation, the model fields and observational fields are compared and the 
model is steered in the direction of the observations based on the weighted uncertainties of both 
observations and model output. Various studies have shown the benefits of data assimilation for 
the improvement of mesoscale weather forecasts (e.g. Xiao & Sun, 2007; Huang et al., 2009; Dee 
et al., 2011; Adam et al., 2016). Data assimilation is especially useful in hind- and forecasting ex-
treme precipitation, as there is rapid error growth at the convective scale, which is a well-known 
challenge for atmospheric models (Sun et al., 2014). Data assimilation techniques have also been 
applied in meteorological reanalysis data sets, like Era-Interim and its successor Era-5 (Dee et al., 
2011; Hersbach et al., 2020). Reanalysis data consists of a complete and coherent collection of 
meteorological gridded data, which is the best-known atmospheric state computed from the model 
and observations. Era-Interim and Era-5 are commonly used in climate research and have many 
applications in renewable energy, e.g. siting of favourable areas of wind (Kalverla et al., 2019) and 
solar power plants (Boilley & Wald, 2015; Lorenz & Barstad, 2016).  

Current generation reanalysis products lack accuracy on the relatively fine sub-kilometre 
urban scales. These fine scales are crucial to account for the variability of the urban morphology, 
which directly affects meteorological processes and accordingly improves forecasts of routine 
weather variables, e.g. air temperature (Ching et al., 2009; Ronda et al., 2017). For the fine urban 
scale, specific studies reporting on data assimilation in the urban canopy or urban boundary layers 
are absent. In this paper we explore whether data assimilation techniques have the potential to 
improve the representation of urban weather characteristics in an NWP system. This includes a 
novel approach to nudge modelled urban canopy temperatures with quality-controlled crowd-
sourced observations and independent verification against professionally installed urban weather 
stations. 

In this study, we perform a hindcast for July 2014 for Amsterdam (the Netherlands) at a 
high resolution of 100 m nested in coarser resolution surrounding domains. The hindcast benefits 
from high-resolution (urban) land-use maps in combination with a dense spatial network of crowd-
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sourced and professionally installed weather stations. In addition, Amsterdam’s complex spatial 
structure, with a network of canals and its proximity to large water bodies (i.e. the North Sea and 
Marker Lake), makes Amsterdam an excellent test site for model improvement. The month of July 
2014 has been chosen as test case, because it accommodates a couple of days with intense convec-
tive precipitation and a relatively warm, dry period, which are both critical conditions for water 
management and for human thermal comfort in cities. This work builds upon the study by Ronda 
et al. (2017), which developed urban weather forecasts for Amsterdam at the same high-resolution 
grid spacing, but without data assimilation. They found a well-reproduced spatial variation of the 
urban temperature distribution, though a cold bias of 1–2 K, which is a good motivation to explore 
whether data assimilation can assist to reduce this cold bias. The future goal is to create a reanalysis 
dataset of 15 years focused on the urban surroundings in order to investigate the urban climatology, 
based on the evaluation of this study.  

This chapter is organised as follows. Section 3.2 presents the modelling set-up, a descrip-
tion of the assimilation approach for the urban canopy, the observations used for data assimilation 
and model verification. Section 3.3 presents the modelling results and Section 3.4 summarizes dis-
cussion and conclusions. 

3.2 Methods 

3.2.1 Model set-up 

This study uses the Weather Research and Forecasting (WRF) model version 3.7.1 (Skamarock et 
al., 2005; Powers et al., 2017). WRF is a non-hydrostatic numerical model allowing for nesting to 
step-by-step represent large-scale circulation towards micro-scale transport (Chen et al., 2011). We 
built upon the study by Ronda et al. (2017) and use four one-way nested computational domains 
with gradually increasing resolutions (12.5 km, 2.5 km, 500 m, 100 m and respectively, see Figure 
3.1 a-b). As initial and boundary conditions the ECMWF reanalysis data (ERA-Interim) is used. At 
the innermost domain at 100-m resolution, parks and ponds, and runways at Schiphol airport be-
come visible and consequently have their specific impact in the model simulation. The basic WRF 
configuration is according to the urban weather forecasts of Ronda et al. (2017). This set-up in-
cludes 72 vertical eta-levels, makes use of the NOAH land surface model (Ek et al., 2003). The 
Grell-Freitas cumulus scheme (Grell & Freitas, 2014) is applied in the outer domain (12.5 km res-
olution). As Planetary Boundary Layer Scheme, YSU is used for the three coarsest domains (Hong 
et al., 2006). The inner domain turbulence is partly resolved and partly modelled with the Sma-
gorinsky first-order closure scheme. Compared to the set-up of Ronda et al. (2017) our innermost 
domain has been enlarged such that Schiphol Airport is included (Figure 3.1). In addition, various 
data assimilation techniques were applied using the WRFDA module (Barker et al., 2012) which 
will be described in Section 3.2.2. 
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Figure 3.1: a) Land use map of the Dutch model domain (domain 2 with domains 3 and 4 nested). The 
black rectangles represent the four nested domains (100 – 500 – 2500 – 12500 m). The white dots indicate 
the 79 personal weather stations and the blue points indicate the 7 WMO stations Schiphol (WMO code: 
6240), Wijk aan Zee (WMO code: 6257), De Bilt (WMO code: 6260), Deelen (WMO code: 6275), Eelde 
(WMO code: 6280), Westdorpe (WMO code: 6319) and Volkel (WMO code: 6375) used for the model 
evaluation. b) Land use map of the inner model domain (domain 4) with 22 independent AAMS urban 
weather stations used for the evaluation. The black star is an excluded station. The personal weather stations 
are indicated with white dots. c and d) Mean building height and urban (built) fraction. 

a 

b 

d c 
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As the urban scheme within WRF, we use the Single-Layer Urban Canopy Model (SLUCM) 
of (Kusaka et al., 2001). The most relevant input parameters are listed in Table 3.1. The physical 
properties of buildings, which include albedo, thermal conductivity, and thickness of roads, walls 
and roofs, are uniform for all buildings in Amsterdam. These values are determined by calculating 
averages from typical housing types in different construction year intervals (Agentschap NL, 2011) 
(De Waag, 2021). The calculated albedo values were checked and marginally adjusted (less than 
0.01) with albedo calculations from remote sensing bands from the Landsat satellite (USGS, 2021) 
(Liang, 2001). Other building properties, such as mean -, area weighted - and standard deviation 
building height, are grid cell specific adopted from Ronda et al. (2017) using the NUDAPT ap-
proach (National Urban Data and Access Portal Tool) (Ching et al., 2009) (Figure 3.1c). Together 
with other grid cell specific geomorphological statistics, such as frontal area index and plan area 
fraction, neighbourhood-specific energy balance calculations can be made for the urban canyon, 
leading to a more accurate representation of meteorological variables in the urban area (Zhang et 
al., 2020). For completeness, the urban fraction has been displayed (Figure 3.1d) to demonstrate 
the urban density differences in the study area. 

Following Monaghan et al. (2014), the value of the ‘Akanda’-parameter, was modified from 
default 1.29 (Kanda et al., 2007) to 0.4 (Table 3.1). This parameter affects the ratio of the roughness 
length for heat and the roughness length of momentum to enhance sensible heat exchange between 
urban canopy and atmosphere aloft. To grasp how sensitive such a change is, tuning this Akanda-
parameter with the mentioned difference has a similar effect on RMSE performance of net radia-
tion and sensible heat flux as albedo changes of roof and wall with 0.09 and 0.15 respectively 
(Loridan et al., 2010). For the anthropogenic heat flux (Table 3.1) we account for energy consump-
tion, gas consumption (CBS, 2018a), traffic scaled for Amsterdam population density (Klok et al., 
2010), and metabolic rate estimates from (Sailor & Lu, 2004). 
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Table 3.1: Used configurations in urban canopy model SLUCM (Kusaka et al., 2001). 

TS_Scheme 
CH_Scheme 
 
Akanda (exchange variable) 
 
Thickness roof layers 
Thickness of building wall 
Thermal conductivity of road 
Thermal conductivity of wall 
Thermal conductivity of roof 
Heat capacity of road 
Heat capacity of wall 
Heat capacity of roof 
Surface albedo of road 
Surface albedo of wall 
Surface albedo of roof 
Roughness length for momentum over 
ground (road) and roof 
Roughness length for momentum over wall 

4-layer model 
2 (Narita scheme for the convective heat transfer coeffi-
cients within urban canopies) 
0.4 Monaghan et al. (2014), parameter introduced by 
Kanda et al. (2007) 
0.23 m 
0.179 m 
0.4 Js-1K-1 
0.4004 Js-1K-1 
0.48 Js-1K-1 
1.4 MJK-1 

1.3 MJK-1 
1.65 MJK-1 

0.2 
0.2 
0.175 
0.01 m 
 
0.0001 m 

Maximum anthropogenic heat flux 
Hourly weights of maximum Anthropo-
genic heat flux, starting from 0 to > 23 UTC 

38.5 Wm-2 (average 21.4 Wm-2) 
{ 0.16 0.13 0.08 0.07 0.08 0.26 0.67 0.99 0.89 0.79 0.74 
0.73 0.75 0.76 0.82 0.9 1.0 0.95 0.68 0.61 0.53 0.35 0.21 
0.18 } 

 

3.2.2 Data assimilation 

Data assimilation aims to describe the state of the atmosphere by steering model fields in the di-
rection of observations in a statistical manner by limiting a cost function, and accounting for the 
uncertainties in the model results and observations (Barker et al., 2012). The observations used for 
data assimilation and for the independent evaluation of the model performance consist of five 
types: 

1. Observations from WMO-certified SYNOP stations in the Netherlands, Germany and the 
UK; 

2. Volume radar data from the C-band Doppler weather radar as operated by KNMI (Royal 
Netherlands Meteorological Institute) in the Netherlands (Beekhuis & Holleman, 2008);  

3. Data from personal weather stations available from the Wunderground database 
(Wunderground, 2021); 

4. Observations from the Amsterdam Atmospheric Monitoring Supersite (AAMS) which are 
solely used for verification (Ronda et al., 2017); 

5. Rain gauge-adjusted radar data (Overeem et al., 2009), which is solely used for precipitation 
verification. 

In the research set-up, three types of data assimilation have been sequentially applied in 
four simulations. Between brackets the abbreviated experiment names are given, used as reference 
in the next sections: 
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- No data assimilation (NO-DA) 

- WMO stations data assimilation (WMO-DA) 

- WMO stations data assimilation + radar data assimilation (RADAR-DA) 

- WMO stations data assimilation + radar data assimilation + urban nudging using personal 
weather stations (URBAN-DA) 

The observations from the WMO-certified stations and volume radar data are assimilated 
with the WRF module WRFDA 3.8.1. using variational data assimilation. This is presented in a 
flowchart (Figure 3.2) where the two-hourly WRFDA update cycle is shown left, and the internal 
WRFDA data assimilation iteration cycles shown right. An improved estimate (analysis) is made 
from a first-guess background model forecast and its respective error variances and the observa-
tions and predefined errors (Figure 3.2 internal WRFDA cycle, right). Thereafter this data assimi-
lation is cycled until the final analysis has sufficiently converged, with a maximum of two (outer 
loop) x 200 (inner loop) iterations. A second outer-loop iteration accounts for nonlinear effects 
and includes more observations in the data assimilation process (Rizvi et al., 2008; Barker et al., 
2012). The variational data assimilation uses a prescribed cost function to minimize the errors for 
both observations and the background forecast of the model. The background forecast of the 
model is determined by estimating the variance at one time step by comparing two overlapping 24-
hour forecasts with 12 hour shifted lead times, also known as the NMC-method (Parrish & Derber, 
1992). So, more specifically, forecast 1 starting at day 1 at 0 UTC and forecast 2 starting at day 1 at 
12 UTC are compared at day 2 at 0 UTC, both on the largest domain 1 and leaps of 12 hours. At 
last, the lateral boundaries and the lower boundaries, such as soil moisture / temperature and sea 
surface temperatures are updated from ERA-interim every 6 hours. These update cycle of the lower 
boundaries is important to retain the model boundaries to realistic reanalysis values throughout the 
monthly run and will be crucial to maintain consistency in the 15-year reanalysis later on. 

From the WMO observations we assimilate 2-m temperature and air pressure. Wind has 
not been assimilated, since pressure gradients are well-correlated with wind speed. Also surface 
humidity has not been assimilated, because it showed no improved skill in the data assimilation 
for this case (July 2014). The liquid water in the atmosphere can be adjusted via the radar data as-
similation, in case of precipitation in the model or radar observations. 
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Figure 3.2: Flowchart of WRF update cycle (left) and the internal WRFDA model cycles (right). 

For the radar data assimilation, we used the C-band Doppler weather radar located in De 
Bilt (52.099°N 5.176°E). As product, both radial (wind) velocity and reflectivities were used. Data 
from the lowest elevation angle (0.3°) was discarded, since this elevation contained a dispropor-
tional amount of clutter related to nearby buildings. From the remaining elevations, an average 
variance of 2 dBZ was calculated for the reflectivity employing the parameters of the volume scan-
ning (Beekhuis & Holleman, 2008) and the method of Chumchean et al. (2003), see Equation 3.1. 
The variance of the radial velocity was supplied with the radar product. 

𝜎𝜎�� = 0.13 𝑅𝑅
𝑃𝑃     

𝜎𝜎�� = reflectivity measurement error variance (dB2) 

R   = observation range from the radar (km) 

P    = number of pulses per range bin. 

Finally, the reflectivities and radial wind velocities are interpolated to model resolutions. 
The heights and locations of the C-band doppler radar observations have been calculated with the 
WRADLIB module (Heistermann et al., 2013). This module converts the data from a polar to a 
Cartesian representation and takes refraction into account.  

In WRFDA different options exist for radar data assimilation, i.e. directly assimilating re-
flectivity or first converting to rainwater mixing ratios before data assimilation is applied. The latter 
is known as the indirect method and was used in Wang et al. (2013). This method has the advantage 
that the specific humidity remains more realistic in the whole atmosphere including better 2-m dew 
point temperatures. We adopt the method of Wang et al. (2013) as it has the most constraints for 
specific humidity in the atmosphere, which should also lead to a better representation of clouds. 
For details about this method, we refer to Wang et al. (2013).  

Referring to data assimilation of observations taken in urban areas, we notice that the can-
opy scheme SLUCM does not interact well with WRFDA. This is because WRFDA needs control 

(3.1) 
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variables among which pressure and temperature on model levels. These model levels starting from 
~50 m are present above the urban canopy and therefore not part of SLUCM. The latter is crucial, 
because the control variables should be in balance with energy fluxes from the urban fabric i.e. 
roads and walls. Therefore, we propose a new method that “nudges” urban canopy temperatures 
within the canopy scheme, through adjustments in the wall and road temperatures of the scheme 
(see subsection ‘Nudging urban temperatures’ here in 3.2.2). To do so, a temperature bias must 
first be determined in the city by using personal weather stations (see subsection ‘Model bias cor-
rection with personal weather stations’ below in 3.2.2). The personal weather stations are not used 
to correct other meteorological variables as wind. Wind is not used for data assimilation for the 
urban areas, since the spatial and time representativeness at one given moment of wind measure-
ments of weather hobbyists is too limited (Droste et al., 2020). 

Model bias correction with personal weather stations 

The estimation of the temperature bias differs between personal weather stations and WMO 
weather stations. Where WMO stations are sited according to well-defined standards and obtain a 
high degree of spatial representativeness, this is less obvious for personal weather stations in built-
up areas (Bell et al., 2013). The urban environment is very heterogeneous on a local scale resulting 
in microclimates (Heusinkveld et al., 2014), and therefore single urban weather station records 
show little spatial correlation. This is confirmed by the inter - and intra local climate zone variability 
of a large number of personal weather stations in Berlin (Fenner et al., 2017). Local characteristics, 
such as north or south facing gardens and the difference between paved and a lawn show large 
variability in diurnal cycles of the UHI effect (Oke, 2006). The uniform signal of quality-controlled 
personal weather stations has been extracted by using a statistical model dependent on the weather 
at that time. This statistical model excludes specific weather station variability and intends to re-
move the cold biases in the urban area Ronda et al. (2017). The urban canopy temperatures are 
calculated with a revised SLUCM scheme of (Theeuwes et al., 2014), which applies the stability 
correction between the first model level (~50 m) and the 2-m level instead of between the first 
model level and the roughness length of heat. 

This is not yet a representative urban temperature for the whole urban grid cell, which 
consists of a vegetation fraction (e.g. green backyards, parks). As in Ronda et al. (2017), urban grid 
cells in WRF consist of a paved urban canopy fraction (buildings and streets) and a separate vege-
tated fraction. Energy fluxes and air temperature are separately calculated for the urban tile in 
SLUCM and for the vegetated tile. A combined area-weighted urban-vegetation temperature, indi-
cated by urban fraction, is calculated and is considered as a representative 2-m temperature for 
urban grid cells. Consequently this 2-m temperature is used in the statistical model. 

The statistical model consists of a linear regression based on modelled weather variables to 
explain the difference between crowd-sourced temperature observations and modelled 2-m tem-
peratures. The corresponding fit is shown in Equation 3.2 and is determined every 2 hours on 
domain 2 covering the Netherlands and downscaled to the other domains. This equation is then 
applied to all urban grid cells. The estimated ∆𝑇𝑇� is used to correct the model bias, and this is further 
described in the next subsection ‘Nudging urban temperatures’. Thus, the statistical fit reads as: 

                                                                ∆𝑇𝑇� = 𝛼𝛼 𝛼 𝛼𝛼 𝛼 𝛼𝛼𝛼 𝛼 𝛼𝛼 𝛼 𝛼𝛼𝛼𝛼𝛼𝛼𝛼                                  (3.2) 

∆𝑇𝑇� = difference in urban temperature between model and personal weather stations from the sta-
tistical regression model (°C) 
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𝐿𝐿 𝐿𝐿𝐿 WRF modelled surface downward longwave radiation (Wm-2) 

𝑈𝑈 𝑈 WRF modelled 10-m wind speed (ms-1)  

𝛼𝛼, 𝛽𝛽 and 𝛾𝛾 𝛾 regression coefficients     

It turns out that the biases (obs - model) were greatest in clear sky nights. Thus, personal 
weather stations facing cloudy conditions show generally smaller biases. As such, the incoming 
longwave radiation is a suitable variable to correct the model temperature state. Also, wind is an 
important factor, as a high wind speed mixes the air and therefore usually reduces the modelled 
UHI. On the contrary, urban characteristics like urban fraction and aspect ratio play no significant 
role in the statistical model. The aspect ratio is taken into account in the implementation of the 
temperature nudging in the urban canopy model (see next subsection ‘Nudging urban tempera-
tures’). The longwave radiation and wind variable are retrieved from the model at the location of 
the personal weather stations. 

The quality control of personal weather observations contains a number of steps. First, 
some personal weather station brands do not have proper radiation shields and are excluded be-
forehand at daytime (Bell et al., 2015). During daytime only Davis Vantage stations were used, since 
we are confident in their relatively small radiation error. The remaining stations can still report 
unreliable values due to effects of wrong placement or malfunctions. The number of crowdsourced 
personal weather stations and the long period of time makes it unfeasible to inspect, inquiry or 
trace these stations and determine if they meet proper placement criteria. Therefore, additional 
criteria have been applied to select acceptable stations for the statistical model: 

- The observed temperature should not deviate from the model by more than 5 °C 

- After the previous selection, a median is determined from the observed values of the re-
maining personal weather stations 

- The remaining personal weather stations are discarded if their values deviate from the me-
dian ± 2 * standard deviation 

- Depending on the number of remaining observations: 

o Equation 3.2 is fitted when there are enough observations, which has been set at 
>5 

o For 3 or 4 observations, the median is recalculated 

o With less than 3 observations, the number is too small to statistically correct the 
model 

- In case the fitted statistical model is not significant (p-value > 0.1), the median is used to 
nudge the model. 

Note that Meier et al. (2017) used a less strict 3 * standard deviation as threshold for omit-
ting personal weather stations. However, the employed number of stations (Berlin) was substan-
tially larger in their study than available for Amsterdam. The temperatures resulting from the urban 
data assimilation are verified against 22 independent urban weather stations (AAMS stations) within 
domain 4. The station on a small island in the IJ lake was excluded (see black star in Figure 3.1b), 
because it is non-urban and shows an atypical diminished diurnal cycle above the water surface 
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compared to land stations. The temperature sensors of the AAMS stations are shielded (Decagon 
VP-3) and ventilated and mounted at 4 m on lantern posts (de Vos et al., 2020). 

Nudging urban temperatures 

The correction, ∆𝑇𝑇�, is applied in the urban canopy model SLUCM via a nudging approach and 
serves as forcing for the model bias correction. This ∆𝑇𝑇� engages within SLUCM‘s original canopy 
temperature on the level of the roughness length of heat rather than the revised 2-m canyon tem-
perature of Theeuwes et al. (2014). This choice is described after the explanation of the nudging 
concept. 

We note that the nudged canopy temperatures cannot preserve the effect of nudging until 
the next data assimilation cycle, because no change in heat storage in the canopy is realized. There-
fore, we adjust the urban fabric temperatures in such a way that it is consistent with ∆𝑇𝑇� as derived 
from Equation 3.2. This includes both walls and roads, which have a large heat storage. Accord-
ingly, altering the temperature of the urban fabric is also more effective in altering energy fluxes 
which are fed back to the atmospheric model levels. Hence, the ∆𝑇𝑇� is redistributed to temperature 
corrections of the wall and road layers, while maintaining the physical formulation of the resistance 
scheme in Kusaka et al. (2001) (see Appendix). Thereby, the average diurnal temperature amplitude 
(difference maximum and minimum daily temperature) in each layer of urban fabric determines 
the proportion of the temperature correction applied. SLUCM consists of four road and wall layers. 
Smaller amplitudes belonging to deeper layers receive a smaller temperature correction and vice 
versa. So, urban fabric layers at the surface respond faster to temperature changes than the deeper 
layers imposed by the nudging approach. Hence, these often-raised temperatures for wall and road 
surfaces increase the aimed urban canopy temperature and the air temperature of the first model 
level ~50 m above SLUCM, via an increased sensible heat flux. The average diurnal cycle ampli-
tudes are determined for all urban grid cells in the 4-day warm period of July 2014. Subsequently, 
amplitude factors are derived for the inner layers denoting the diurnal cycle amplitude relative to 
the largest diurnal cycle amplitude on the wall and road surfaces (Table 3.2). 

Thus before changes can be applied to the four wall and road layers, ∆𝑇𝑇� is translated to a 
difference in wall surface and road surface temperatures ∆𝑇𝑇��� (the suffix g standing for ground is 
used to be consistent with variable names in WRF). This has been calculated with Equation 3.3, 
which is based on the SLUCM resistance equations of Kusaka et al. (2001), and the complete der-
ivation can be found in the Appendix. The temperature increments for wall and road layers are 
calculated by multiplying the ∆𝑇𝑇��� with the accompanying amplitude factors (see Equation 3.6 and 
Table 3.2). In addition, in accordance with the amplitude determination for walls and roads, the 
soil temperatures are also adjusted for the vegetated fraction of urban cells. This is because personal 
weather stations temperatures are often measured in green backyards, which is not part of the 
paved urban canyon. 

∆𝑇𝑇��� =  ∆𝑇𝑇� �1 + 𝑤𝑤
(2ℎ + 𝑤𝑤) 𝐶𝐶��

𝐶𝐶�
� 

𝐶𝐶�� = 𝜅𝜅𝜅𝜅∗
𝜓𝜓�

 

𝐶𝐶� = 𝐶𝐶� = �7.51𝑈𝑈��.��                    (𝑈𝑈� > 5 𝑚𝑚𝑚𝑚��)
6.15 + 4.18𝑈𝑈�           (𝑈𝑈� ≤ 5 𝑚𝑚𝑚𝑚��)� (Kusaka et al., 2001)    (3.5) 

(3.3) 

(3.4) 
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∆𝑇𝑇� = difference urban temperature between model and personal weather stations from the statis-
tical regression model (predicted variable) (°C) 
∆𝑇𝑇����� = wall and road surface temperature and soil temperature (°C) 
ℎ = wall height (m) 
𝑤𝑤 𝑤 road width (m)   
𝜅𝜅 = karman constant = 0.4 

𝑢𝑢∗ = friction velocity (ms-1) 
𝜓𝜓� = Monin Obukhov stability term (-) 

𝐶𝐶��� = heat transfer coefficient from wall and road to the canopy (ms-1) 
𝐶𝐶�� = heat transfer coefficient from the canyon to the overlying atmosphere (ms-1) 

𝑈𝑈𝑐𝑐 = urban canopy wind speed (ms-1) 

∆𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇����� =  ∆𝑇𝑇����� ∗ 𝑎𝑎𝑎𝑎𝑎𝑎�����                                                                                      (3.6) 

Table 3.2: Diurnal cycle amplitude of temperature for wall (-), road and soil layers relative to the diurnal 
cycle amplitude of the skin (surface) temperature. Wall layers consists of four equally divided layers of 
0.0448 m thickness. Road and soil layers increase with depth, 0.05 m, 0.25 m, 0.50 m, 0.75 m. 

 Layer 1  Layer 2 Layer 3 Layer 4  
Wall (𝑎𝑎𝑎𝑎𝑎𝑎�) 0.709 0.503 0.357 0.253 
Road �𝑇𝑇𝑎𝑎𝑎𝑎�� 0.734 0.157 0.007  
Soil (𝑎𝑎𝑎𝑎𝑎𝑎�) 0.499 0.015   

 

The magnitude of ∆𝑇𝑇��� in Equation 3.3 depends on the heat exchange between the urban 
fabric and urban canopy, and the heat exchange between urban canopy and first model layer on 
top, which is dependent on wind speed and stability, see Equation 3.4 and 3.5. Thus, more unstable 
conditions allow for larger adjustments to road and wall layers with changing ∆𝑇𝑇�. The street width 
to building height ratio plays a significant role. In narrow urban canyons, the total heat exchange 
decreases between the urban fabric and the overlying atmosphere (first model level at ~50 m), and 
this leads to smaller adjustments to road and wall layers with the same ∆𝑇𝑇�. An example of a tem-
perature adjustment of the outer wall is given in Figure 3.3. Here it is visible that the denser centre 
of Amsterdam has a smaller adjustment, because of a larger aspect ratio.  

We chose to apply ∆𝑇𝑇� in Equation 3.3 on the level of the roughness length, because the 
newly defined 2-m canopy temperature by Theeuwes et al. (2014) is an output variable and not 
implemented in the iterative energy flux calculations within SLUCM. Adjusting the heart of the 
SLUCM code cause easily instabilities. As original canopy temperatures are located closer to walls 
and roads, it acts more as an effective skin temperature. Therefore, adjustments to roads and walls 
∆𝑇𝑇��� is smaller with the current method than when ∆𝑇𝑇� was applied on the 2-m level (the 2-m level 
is further away from the road and therefore leads to smaller heat transfer coefficient ratio ���

��
 in 

Equation 3.3). Thus, the magnitude of the model correction, resulting from the adjustments of 
walls and roads is generally on the safe side, which is also a benefit since the nudging relies strongly 
to observations. 
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Figure 3.3: Example of outer wall temperature correction ∆𝑇𝑇� (in °C) due to the nudging approach on the 
evening of 2 July 2014 at 22 UTC. 

3.2.3 Model evaluation methods 

Different verification methods are applied to evaluate the performance of consecutive data assim-
ilation steps. We use the bias and the root mean squared error to evaluate the model performance 
for air and dew point temperature, wind speed, and sea-level pressure. This evaluation is performed 
for seven selected WMO stations spread across the country (Figure 3.1a). All these stations provide 
observations suitable to apply in the data assimilation and are also used for model verification 1 
and 2 hours after the data assimilation cycling. This time delay is considered sufficient to avoid 
serious dependence between cycling and verification. Nonetheless, for the verification of urban air 
temperatures, we make use of independent weather stations.  

𝐹𝐹𝐹𝐹𝐹𝐹 𝐹 1
𝑁𝑁����

� 𝐹𝐹𝐹𝐹𝐹𝐹(𝑑𝑑)
�����

���
  

𝐹𝐹𝐹𝐹𝐹𝐹(𝑑𝑑) = 1 −
∑ ∑ �𝑂𝑂(𝑑𝑑)��� − 𝑀𝑀(𝑑𝑑)�������

���
��
���

∑ ∑ 𝑂𝑂(𝑑𝑑)���
���

��� +  ∑ ∑ 𝑀𝑀(𝑑𝑑)���
���

���
��
���

��
���

  

𝑂𝑂(𝑑𝑑)��� = observed fraction precipitation grid cells above threshold value over window i,j   

𝑀𝑀(𝑑𝑑)��� = model fraction precipitation grid cells above threshold value over window i,j   

To verify the spatial representation of precipitation, the Fractional Skill Score (FSS) was 
calculated for daily accumulated precipitation of the consecutive data assimilation runs for domain 
2 that covers the Netherlands. The FSS is a neighbourhood-based verification method to evaluate 
the spatial accuracy of precipitation (Roberts & Lean, 2008) and has been applied in real case ver-
ification studies (Ebert, 2009; Mittermaier et al., 2013; Skok & Roberts, 2016; Imhoff et al., 2020; 
Khain et al., 2020). In order to do so, the gauge-adjusted radar data (Overeem et al., 2009) have 
been transformed with an average weighted interpolation scheme (Met Office, 2018) to match the 
model resolution. The FSS calculates the skill of precipitation forecasts by comparing fractions of 
precipitation over a threshold in a certain spatial window between model and observations, see 
Equation 3.7 and 3.8. This window is moved in the horizontal and vertical direction over the entire 

(3.7) 

(3.8) 
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domain, and the FSS is determined as the spatial average. A FSS of 1 indicates perfect skill and 0 
no skill. Evaluating fractions determined over a window has the advantage that the location differ-
ences of showers are not double-penalized. 

A 90th percentile threshold has been chosen to evaluate the spatial accuracy of extreme 
precipitation (Skok & Roberts, 2016), and an average threshold to evaluate the spatial accuracy in 
general. Since evaluating spatial accuracy is the aim of FSS, the model and observation fractions 
are unbiased (Mittermaier et al., 2013). Hence, threshold values are separately determined for the 
model and observations. For the 90th percentile, this means that precipitation fractions comprise 
both 10% of domain 2 for model and observations. Correcting for bias is important, because a 
substantial bias would deteriorate the FSS and positive biases have larger impacts than negative 
biases because of the 𝑀𝑀(𝑑𝑑)���� in the denominator of Equation 3.8. The window or neighbour-
hood size is 50 km and, thus, consists of 20 x 20 cells with a resolution of 2.5 km according to 
domain 2. This window size is small enough for forecast purposes (Roberts & Lean, 2008). 

3.3 Results 

3.3.1 Model evaluation 

In the model evaluation we first present monthly time series of the nearby KNMI weather station 
Schiphol Airport (WMO code 6240) (Figure 3.4), and statistics of pre-selected other WMO stations 
spread across the country (Figure 3.5). The diurnal cycles of air temperatures in the NO-DA run 
and WMO-DA run are well represented for most days. However, WMO-DA is able to remove or 
substantially reduce cold biases at clear nights, clearly visible on 13 and 29 July 2014. In NO-DA 
the maximum hourly cold bias amounts 3.5 °C on 13 July 2014 (virtually disappears in WMO-DA), 
and is reduced from 5.3 °C to 2.6 °C on 29 July 2014. Also maximum temperatures are better 
modelled in the WMO-DA run looking at biases, e.g. 11 July (2.5 °C to 1.0 °C), 16 July (3.2 °C to 
0.8 °C), 27 July (3.3 °C to 0 °C) and 29 July (3.3 °C to 0.1 °C). On the other hand, the 9 July and 
21 July are clear examples of cases which are both too warm in NO-DA and WMO-DA during 
daytime, which is related to a surplus of solar radiation. 

Note that for solar downwelling radiation at the surface, no data assimilation was applied. 
Over the whole month the cloud cover is underestimated in the NO-DA and WMO-DA run, 
resulting in an overestimation of solar downwelling radiation. In addition, both WRF simulations 
have a surplus of surface solar radiation on clear days. The modelled surface pressure corresponds 
reasonably well for the model runs and observations, especially in timing and for high-pressure 
situations. Some low-pressure system occurrences remain too deep in the WMO-DA run. The 
WMO-DA run partly restores this around 21 July and 27 July 2014. The largest hourly deviations 
on these days reduced from 6.7 hPa to 3.4 hPa and from 3.2 hPa to 1.4 hPa respectively. The 
modelling system is unable to resolve the minimum pressure on 9 July (recall the deviations in solar 
radiation and temperature). Both WRF simulations have difficulties to correctly represent precipi-
tation events, especially high-intensity precipitation. The model runs are in generally drier than the 
observations, with the largest deviation for NO-DA. Comparing precipitation at a point is not very 
representative due to spatial variability of convective precipitation, therefore we will perform a 
spatial analysis in Section 3.3.3. 
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Figure 3.4: Times series of modelled and observed (a) 2-m temperature, (b) mean sea-level pressure further 
referred to as SLP, (c) downwelling solar radiation, and (d) precipitation at Schiphol airport weather station 
(52.301°N, 4.774°E, WMO code 6240) for July 2014. The black dots and bars indicate the observations, 
the dark blue solid lines and dots the WMO-DA run and the light blue dashed lines and dots the NO-DA 
run. 

The statistics plots (Figure 3.5) show significantly lower root mean squared error (RMSE) 
for the WMO-DA run compared to the base NO-DA run for the rural WMO stations. Also the 
bias is overall smaller for the WMO-DA simulation, although this is less pronounced. The sea level 
pressure (SLP) and wind (FF) show smaller biases, 44 and 49% respectively) in WMO-DA. For the 
dew point temperature a small positive bias (~0.3 °C) was introduced, but this is accompanied with 
a lower RMSE. The RADAR-DA run has only small changes compared to the WMO-DA run. 
RADAR-DA adjusts clouds and humidity on different model levels, which has a slightly negative 
effect on the RMSE of the dew point temperature (and indirectly on SLP). The bias, on the other 
hand, is improved for the dew point temperature and the air temperature. Straightforwardly, the 
URBAN-DA mimics the RADAR-DA, since the additional nudging in the urban canopy has no 
substantial impact on the rural station outside. 

b 

c 

d 

a 
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Noting the significant differences between simulations and observations (paired Student t-
test, α = 0.05), the RMSE is slightly larger for dew point temperature (TD) and wind speed (U). 
The RMSE for air temperature is also smaller (just significant for URBAN-DA and just not signif-
icant for RADAR-DA). The URBAN-DA should not have a substantial effect on the evaluated 
variables on the rural stations, which is confirmed by the large similarities of RADAR-DA and 
URBAN-DA. 

  

Figure 3.5: RMSE a) and Bias b) of 2-m temperature (T2m), dew point temperature (Td), wind speed (U) 
and sea level pressure (SLP), for the data assimilation model runs at seven WMO stations (see Figure 3.1a). 
The analysis is done on an hourly interval between 3 July (2 days spin up) and 29 July 2014. The bars 
indicate the standard deviation. 

3.3.2 Heat wave case 

The nudging of urban air temperatures (URBAN-DA) has also been evaluated for a warm episode 
between 16 July and 20 July 2014. Urban air temperatures are underestimated by WRF in clear 
nights for the simulations without urban nudging (NO-DA). Nudging crowdsourced weather data 
increases the nocturnal temperatures and decreases the bias with respect to independent urban 
observations (Figure 3.6a). In addition, the simulated hours in the warm period are closer to the 1 
: 1 line in Figure 3.6b. With additional urban data assimilation (URBAN-DA) the bias decreases 
from -0.9 °C to -0.2 °C and the RMSE decreases from 1.5 °C to 1.0 °C. During daytime only small 
adjustments in urban air temperature are made by the nudging process, since the atmospheric 
boundary layer is well-mixed. The underestimation in maximum temperature is reduced to less than 
1 °C in URBAN-DA for all four days. The WMO-DA effectively reduce the cold bias in urban 
areas during daytime (Figure 3.6a), which means the cold bias is not caused by urban-specific pro-
cesses. WMO-DA strongly reduces the cold bias for Schiphol (Figure 3.4a) and other stations dur-
ing the warm period and affects urban areas via interpolated model fields. In addition, during day-
time urban model temperatures in WMO-DA correlate better with rural WMO temperature obser-
vations compared to the night, because of day-time enhanced turbulent mixing and predominant 
temperature advection from the countryside.  

a b 
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Figure 3.6: a) Time series of median 2-m air temperature of all model runs with consecutive data assimila-
tion at observation grid points and median observations from independent AAMS urban weather stations 
in Amsterdam for the warm period from 16–20 July 2014. b) Scatter plot of modelled RADAR-DA and 
URBAN-DA, and observed 2-m air temperature from 16–20 July 2014. 

Supplementary to the time series results, contour plots are shown for Amsterdam after 
urban nudging to provide a spatial overview (Figure 3.7). The minimum temperatures are clearly 
higher for the densely built areas of Amsterdam for July 2014. These areas are either largely paved 
or have a small sky-view factor. The fine resolution allows runways at Schiphol Airport to be dis-
tinguished as warmer areas. The canals and the large water body, the IJ, can be distinguished as 
cooler places than the adjacent urban areas. The parks and rural parts adjacent to the city are rela-
tively cool and are only slightly warmer than the rural areas further away (~0.3 °C). Therefore, it 
can be stated that (intra)-urban heat advection does not play a substantial role for modelled mini-
mum temperatures and corresponding results apply for average temperatures in the model context 
at this grid spacing. In the average monthly urban temperatures, temperature differences between 
cities and the rural counterparts are smaller, due to the lower daytime UHI. Water surfaces are 
relatively cool at daytime. Maximum temperatures, lastly (not shown), are only 0.5–1.0 °C warmer 
for urban areas compared to the rural environment. 

  

a b 
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Figure 3.7: a) Daily minimum temperature and, b) Monthly mean modelled 2-m air temperature (URBAN-
DA) on hourly intervals for 3–31 July 2014. 

3.3.3 Extreme precipitation 

In order to evaluate the modelled extreme precipitation for each of the data assimilation steps, 28 
July 2014 is selected as an example of extreme precipitation over Amsterdam, which resulted in 
precipitation sums over 100 mm in 24 hours with flooding in parts of the city (Figure 3.8). The 
synoptic pattern is characterised by little background flow at 850 hPa, and hence the development 
of showers is strongly bound to a local circulation influenced by land–sea interactions and the 
diurnal cycle. Below we evaluate the NO-DA, WMO-DA and RADAR-DA run (Figure 3.8), and 
describe their differences using time series and a skill score designed for precipitation (Figure 3.9). 

In the NO-DA run, a high-pressure area arises above the North Sea counteracting the 
warm moist air masses on land. This leads to a weak northerly flow over the Netherlands trans-
porting relatively cool and dry air which suppresses deep convection. In addition, the air flow is 

a 
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diffluent, which is associated descending air motions. The WMO-DA run is able to create a con-
vergence zone, which in the moist unstable air leads to heavy showers. This is related to a better 
representation in surface pressure (Figure 3.4). The maximum daily precipitation amounts (127 
mm) are close to those using the radar estimates (116 mm) (Figure 3.8). Unfortunately, the location 
of this convergence zone and extreme rainfall is ~150 km to the south of what was observed by 
the radar. In the afternoon the gauge-adjusted radar product has the largest precipitation intensities 
in the east of the country. WMO-DA is able to generate convective precipitation in this area, alt-
hough this convective precipitation is more widespread and dispersed with lower intensities. The 
development of storms in the east seen in the gauge-adjusted radar is also not present in WMO-
DA either.   

 
Figure 3.8: Cumulative daily precipitation on 28 July 0 UTC – 29 July 0 UTC for NO-DA (b), WMO-DA 
(c) and RADAR-DA (d) and radar observations (a), for domain 2. The rain observations represent the rain 
gauge-adjusted radar data. 

The RADAR-DA run is able to simulate the heavy convective precipitation at the approx-
imate location compared to the gauge adjusted radar. With the assimilated convective precipitation, 
the model is able to create the convergence zone in the middle of the country. Therefore, 28 July 
2014 shows a clearly improved performance utilizing radar data assimilation. Until 28 July 2014 13 
UTC the radar run resembles the gauge-adjusted radar data. The northwest-southeast oriented 
convergence line is well represented by the RADAR-DA run (and URBAN-DA). Thereafter, the 
most active precipitation in the convergence line will remain in the northwest in the radar run, 
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while the gauge-adjusted radar data shows activation in the east of the country on this convergence 
line. At the end of the afternoon the location of convective precipitation diverges between             
RADAR-DA and the gauge-adjusted radar. The convergence line itself is still present in the         
RADAR-DA run (and URBAN-DA run). On other days with convective precipitation, the im-
provement of consecutive data assimilation steps is less distinct.  

 
The performance of multiple precipitation days is reflected in the FSS (Figure 3.9a), and 

daily accumulated precipitation (Figure 3.9b). The FSS shows better scores for average daily pre-
cipitation and extreme precipitation (90th percentile) with each additional data source used for as-
similation, although the differences are small (Figure 3.9a), and there is a large spread among indi-
vidual days. In the Discussion section (3.4) we further examine which FSS value should be consid-
ered as useful predicting value. Figure 3.9b presents the daily averaged precipitation sums for the 
Netherlands domain. On average, the runs without radar data assimilation (NO-DA and WMO-
DA) produce too little precipitation. For most days those runs resemble each other, except for the 
last decade of July, including the July 28th. Occasionally WMO-DA has a substantial impact on the 
simulated precipitation fields leading to better precipitation sums. RADAR-DA and URBAN-DA, 
on the contrary, overestimate the precipitation and differ extensively from the runs without data 
assimilation. From July 24th onwards, the runs with radar data assimilation (RADAR-DA and UR-
BAN-DA) resemble the gauge-adjusted radar much more closely than the runs without (NO-DA 
and WMO-DA). In the other rainy periods, the magnitude of the biases is similar but reversed 
between these runs (7–12 July), or the radar data assimilation runs show separately an overestima-
tion of precipitation (20–21 July). The URBAN-DA simulation is very similar to the RADAR-DA 
run regarding precipitation, since urban data assimilation only marginally impacts urban tempera-
tures at daytime, which therefore has a small impact on the development of convective precipita-
tion. 
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Figure 3.9: a) Average fractional skill scores for the consecutive data assimilation runs for days with pre-
cipitation for domain 2. The bars indicate the standard deviation of average FSS and 90th percentile (90p) 
FSS of the different days. b) Daily precipitation sums for the consecutive data assimilation runs and gauge 
adjusted radar as reference for domain 2. Precipitation outside the land surfaces of the Netherlands are 
excluded in the model simulations according the gauge adjusted radar data in Figure 3.8a. 

3.4 Discussion 

3.4.1 Urban data assimilation. 

The inclusion of observations from personal weather stations in reanalysis products is new and 
challenging. As such there have been attempts to include citizen observations in operational fore-
casts via data assimilation (4D-Var). For example, the meteorological services in Norway (MET 
Norway) have introduced citizen weather observations in the postprocessing of their forecasts 
(Nipen et al., 2020). A Kalman filtering approach has been applied to spatially interpolate innova-
tions (difference between observation and model just before the data assimilation cycling) by the 
observation to form a gridded truth. A remarkable similarity between Kalman filtering and the 
urban nudging presented in the current work is that the so-called innovation at a station is less or 
not spread across meteorological features such as fronts. In our fit, wind and clouds generally cause 
smaller innovations as the UHI is suppressed during such conditions; and Kalman filtering can 
determine the lack of correlation of innovations across such features in the gridded truth, prevent-
ing single innovations at one observing station affecting areas with different weather. Computa-
tional 4D-Var data assimilation requires linear approximations used in a tangent linear model 
(Courtier et al., 1994). In a complex urban boundary layer this linear model error evolution holds 
for districts with high aspect ratios like downtown Hong Kong, while other urban geometries ex-
hibit such linear model error evolution to a lesser extent, leading to lower accuracy (Ngan & Lo, 

a 

b 
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2017). Lastly, the data assimilation of personal weather station observations in operational forecasts 
is investigated by several European National weather institutes as the Danish – and Finnish Mete-
orological Institute and the Deutscher WetterDienst (Hintz et al., 2019). 

  
Figure 3.10: Modelled energy balance for URBAN-DA (full line) and RADAR-DA (dashed line) for the 
average of the AAMS urban stations locations, for the 4-day warm period (corresponding Figure 3.6). H 
denotes sensible heat flux, LH  denotes latent heat flux, G  denotes storage heat flux, and Q*  denotes the 
net radiation. 

Here, we illustrate the impact of the urban nudging technique on the modelled surface 
energy balance during the 4-day warm period (Figure 3.10). The net radiation is calculated as the 
sum of the modelled energy fluxes. The energy fluxes are typically associated with an urban surface, 
best seen in the storage heat flux. The maximum storage heat flux in the morning amounts to 150 
Wm-2, while the soil heat flux for a rural grassland area typically amounts to 30 Wm-2 (Cleugh & 
Oke, 1986).   

For URBAN-DA it appears that increasing the temperature of wall, road and soil layers 
leads to an increased release of stored heat and an increase in the sensible heat flux, which is most 
pronounced at night (Figure 3.10). On clear nights in the warm period the sensible heat flux typi-
cally is 30 Wm-2 larger for URBAN-DA compared to RADAR-DA. The storage heat flux is ~50% 
larger. The difference can be explained by the increased skin temperature and an associated increase 
in outgoing longwave radiation. During the day, the difference in energy balance between URBAN-
DA and RADAR-DA is smaller. At solar noon around 47% of the net radiation is used for sensible 
heat flux (RADAR-DA 46% and URBAN-DA 48%). This H/Q* ratio is close to the urban sites of 
Basel ~51%, (Christen & Vogt, 2004) and lies within the range of 75th percentile July energy fluxes 
of downtown London (Kotthaus & Grimmond, 2014). In a high-rise district of Marseille the H/Q* 
ratios are around 60%, (Grimmond et al., 2004), which matches the denser urban sites of Amster-
dam with low green fraction (48-61% for RADAR-DA and 51–64% for URBAN-DA). On the 
other hand, Kato et al. (2007) shows for the city of Nagoya considerably lower H/Q* ratios, which 
is related to low sky-view factors and related obstruction of solar radiation of tall buildings.  

The storage heat flux consists of 29% and 25% of the net radiation (G/Q*) for RADAR-
DA and URBAN-DA at solar noon. These results correspond with the observed storage heat flux 
for the urban districts of Basel (Christen & Vogt, 2004). The maximum G/Q* ratio is modelled in 
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the morning at 7–8 UTC and amounts to 41% for RADAR-DA and 37% for URBAN-DA and 
these values are in the range of the different urban districts of Basel (Christen & Vogt, 2004), and 
is close to different cities in North America (Grimmond & Oke, 1999). Thus, this means that in 
general the energy partitioning in the urban area is in agreement with typical values in the literature 
both for URBAN-DA and RADAR-DA. 

3.4.2 Radar data assimilation 

The runs without radar data assimilation appear to have too little precipitation. It is worthwhile to 
also review the Era-Interim dataset, which has been used as boundary condition. The near-surface 
conditions of temperature and humidity are captured well relative to their resolution, since there 
are enough high-quality observations available for the reanalysis. However, the relative and specific 
humidity is likely too low for the layers between 925 hPa and 775 hPa, due to a known dry bias of 
radiosonde observations (Vaisala RS90/92) used in the Era-Interim (Simmons et al., 2010). The 
dry bias is confirmed by comparing these type of radiosonde measurements with reference satellite- 
based measurement systems (GPSRO and GCOS) (Ladstädter et al., 2015). This dry bias has likely 
a reduced effect on shower development and precipitation rates. At screen level (~1.5 m), the NO-
DA run does not reveal a dry bias looking to the dew point temperature verification (Figure 3.5), 
which is in accordance with Era-Interim showing no structural bias in humidity near the surface 
(Simmons et al., 2010). So, among other processes (e.g. data assimilation of weather stations), too 
dry model levels higher up are not forcing a reduction of the humidity near the surface. 

Large differences in FSS are observed between individual days displayed in the large stand-
ard deviations in Figure 3.9 (0.19 – 0.25 for average precipitation and higher for the 90th percentile). 
On many days there is not a clear signal that the model sufficiently adopts the location of precipi-
tation observed by the radar. We suppose the model often has a non-supportive atmosphere for 
shower development. In that case, eventually adopted radar signals of showers die down quickly, 
so that they are not perceived in the model run. That non-supportive atmosphere is substantiated 
with the radiosonde-related dry biases (Ladstädter et al., 2015). In addition, the related convection 
of the showers should be assimilated (via radial wind velocity) in an early stage of development 
(Bachmann et al., 2019), which is not commonplace every day. 

The FSS deviates between 0 (no skill) and 1 (perfect skill). To put the score in a perspective, 
a random forecast 𝐹𝐹𝐹𝐹𝐹𝐹������ equates the fraction of threshold exceedances (10% threshold ex-
ceedances is a 𝐹𝐹𝐹𝐹𝐹𝐹������ of 0.1). The average 𝐹𝐹𝐹𝐹𝐹𝐹������ is 0.31 and the 90th percentile (90-p) 
𝐹𝐹𝐹𝐹𝐹𝐹������ is 0.10 for days with precipitation in July 2014. Achieving this benchmark is a very 
minimal performance. Consulting literature (Roberts & Lean, 2008; Skok, 2015) suggests FSS 
should be at least >0.5 to be useful, which is the case for our model results. Moreover, Roberts 
and Lean (2008) proposed to use 𝐹𝐹𝐹𝐹𝐹𝐹������� as skill parameter, which is defined as 𝐹𝐹𝐹𝐹𝐹𝐹������� =
0.5 + 𝑓𝑓𝑓𝑓. Herein f  is the fraction threshold exceedances for radar observations. The 𝐹𝐹𝐹𝐹𝐹𝐹������� 
is 0.66 for the average FSS and 0.55 for the 90-p FSS. According to Figure 3.9, the criterium is just 
met for the average FSS (0.66) and not met for the 90-p FSS (0.46). In addition, Skok, (2015) 
obtained the 𝐹𝐹𝐹𝐹𝐹𝐹������ , which is an analytical solution corresponding a rain band which is displaced 
half the size of neighbourhood size. Although Skok (2015) obtained an objective benchmark, the 
𝐹𝐹𝐹𝐹𝐹𝐹������ is less interpretable in situations with multiple rain areas (see e.g. 28 July, Figure 3.8a) 
that is less than the neighbourhood length apart, which also occur in our study. In addition, rain 
bands might be interrupted, since lighter precipitation patches within the rainband may not exceed 
the threshold. This especially applies for the 90th percentile results. 
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3.5 Conclusion 

In this study, we investigate how WRF simulations can be improved by applying consecutive data 
assimilation steps (WRF 3D-Var) and nudging techniques for the urban environment of Amster-
dam at a 100-m grid spacing. Assimilated observations consist of WMO synoptic weather obser-
vations, volume radar data and urban weather observations recorded by personal weather stations. 
Specific for the urban canopy, a novel approach has been developed to nudge temperatures with 
quality-controlled personal weather observations. Hindcasts are presented for July 2014 for Am-
sterdam, which inhibits both a warm dry period as days with extreme precipitation. We have 
demonstrated that data assimilation of 2-m air temperature, dew point temperature and pressure 
from WMO stations largely improve the background fields. The assimilation of weather radar ob-
servations shows a slightly better performance in the location of precipitation fields. In addition, 
the data assimilation of personal weather station observations reduces the cold biases at night 
within the urban canopy and it produces more realistic energy fluxes. The findings and best prac-
tices will be used to create a 15-year urban reanalysis for Amsterdam, which increases knowledge 
in urban climatology and enables to trace trends in thermal comfort and extreme precipitation. 
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Appendix  

Derivation of wall and road temperature increments 

This Appendix presents the derivation of temperature increment of wall and road layers based on 
differences in modelled–observed urban canopy temperature ∆𝑇𝑇�. Our point of departure is the 
formulation of the sensible heat flux from walls 𝐻𝐻� and 𝐻𝐻� roads (Kms-1) in the SLUCM model 
(Kusaka et al., 2001) and visualised in Figure A3.1.   

 

Figure A3.1: Schematic of SLUCM with the relevant energy fluxes adapted for urban nudging. Reused and 
adapted from Kusaka et al. (2001) with permission. 

𝐻𝐻� = 𝐶𝐶�(𝑇𝑇� − 𝑇𝑇�)                    (A3.1) 

𝐻𝐻� = 𝐶𝐶�(𝑇𝑇� − 𝑇𝑇�)                    (A3.2)                        

Herein 𝑇𝑇� and 𝑇𝑇�  are the wall and road temperature (K) , 𝑇𝑇� the urban canopy temperature (K), 
and 𝐶𝐶�  and 𝐶𝐶� the heat transfer coefficients (ms-1) that have been parameterized as follows: 

𝐶𝐶� = 𝐶𝐶� �7.51𝑈𝑈��.��               (𝑈𝑈� > 5𝑚𝑚𝑚𝑚��)
6.15 + 4.18𝑈𝑈�      (𝑈𝑈� ≤ 5𝑚𝑚𝑚𝑚��)                (A3.3) 

Herein 𝑈𝑈� is the wind speed at the canopy level of 𝑇𝑇� . In addition, the sensible heat exchange 
through the canyon top towards the overlying atmosphere 𝐻𝐻� (Kms-1) is parameterized using clas-
sical Monin-Obukhov theory: 

𝐻𝐻� = 𝜅𝜅𝜅𝜅∗
𝜓𝜓�

(𝑇𝑇� − 𝑇𝑇�) 

In which 𝜅𝜅 is the Von Karman constant (-), 𝑢𝑢∗ the surface friction velocity (ms-1), 𝜓𝜓� the stability 
correction (-) and 𝑇𝑇� the air temperature (K) at the first model layer.  

In Figure A3.1, 𝑤𝑤𝑤represents the road width and ℎ the building height (m). Conservation of these 
energy fluxes (with no storage in the urban canopy) requires that: 

𝑤𝑤𝑤𝑤� = 2ℎ𝐻𝐻� + 𝑤𝑤𝑤𝑤� 
The ratio 2ℎ for walls compared to 𝑤𝑤 for roads arise, because there are two walls on both sides of 
one road in an urban canopy. 

(A3.4) 

(A3.5) 
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Inserting Equation A3.1, A3.2, A3.4 in Equation A3.5 results in: 

𝑤𝑤 𝜅𝜅𝜅𝜅∗
𝜓𝜓�

(𝑇𝑇� − 𝑇𝑇�) = 2ℎ𝐶𝐶�(𝑇𝑇� − 𝑇𝑇�) + 2ℎ𝐻𝐻� + 𝑤𝑤𝑤𝑤�(𝑇𝑇� − 𝑇𝑇�) 

Bring 𝑇𝑇� in front, because later on we can set changes in 𝑇𝑇� to 0 between two data assimilation 
cycles.   

𝑤𝑤 𝜅𝜅𝜅𝜅∗
𝜓𝜓�

𝑇𝑇� = 𝑤𝑤 𝑘𝑘𝑘𝑘∗
𝜓𝜓�

𝑇𝑇� − 2ℎ𝐶𝐶�𝑇𝑇� + 2ℎ𝐶𝐶�𝑇𝑇� − 𝑤𝑤𝑤𝑤�𝑇𝑇� + 𝑤𝑤𝑤𝑤�𝑇𝑇� 

𝑇𝑇� =  𝑇𝑇� − 𝜓𝜓�2ℎ𝐶𝐶�𝑇𝑇�
𝑤𝑤𝑤𝑤𝑤𝑤∗

+ 𝜓𝜓�2ℎ𝐶𝐶�𝑇𝑇�
𝑤𝑤𝑤𝑤𝑤𝑤∗

− 𝜓𝜓�𝑤𝑤𝑤𝑤�𝑇𝑇�
𝑤𝑤𝑤𝑤𝑤𝑤∗

+ 𝜓𝜓�𝑤𝑤𝑤𝑤�𝑇𝑇�
𝑤𝑤𝑤𝑤𝑤𝑤∗

 

𝑇𝑇� =  𝑇𝑇� �1 + 𝜓𝜓�2ℎ𝐶𝐶�
𝑤𝑤𝑤𝑤𝑤𝑤∗

+ 𝜓𝜓�𝑤𝑤𝑤𝑤�
𝑤𝑤𝑤𝑤𝑤𝑤∗

� −  𝜓𝜓�2ℎ𝐶𝐶�𝑇𝑇�
𝑤𝑤𝑤𝑤𝑤𝑤∗

− 𝜓𝜓�𝑤𝑤𝑤𝑤�𝑇𝑇�
𝑤𝑤𝑤𝑤𝑤𝑤∗

 

Write the equation as differences ∆ denoting the changes in canopy and wall and road tempera-
tures. Assume ∆𝑇𝑇� = 0, since the first model layer is not part of SLUCM and serves as boundary 
condition. 

𝜓𝜓�2ℎ𝐶𝐶�∆𝑇𝑇�
𝑤𝑤𝑤𝑤𝑤𝑤∗

+ 𝜓𝜓�𝑤𝑤𝑤𝑤�∆𝑇𝑇�
𝑤𝑤𝑤𝑤𝑤𝑤∗

 = ∆𝑇𝑇� �1 + 𝜓𝜓�2ℎ𝐶𝐶�
𝑤𝑤𝑤𝑤𝑤𝑤∗

+ 𝜓𝜓�𝑤𝑤𝑤𝑤�
𝑤𝑤𝑤𝑤𝑤𝑤∗

�  

2ℎ𝐶𝐶�∆𝑇𝑇� +  𝑤𝑤𝑤𝑤�∆𝑇𝑇� =
∆𝑇𝑇� �1 + 𝜓𝜓�2ℎ𝐶𝐶�𝑤𝑤𝑤𝑤𝑤𝑤∗

+ 𝜓𝜓�𝑤𝑤𝑤𝑤�
𝑤𝑤𝑤𝑤𝑤𝑤∗

�
𝜓𝜓�

𝑤𝑤𝑤𝑤𝑤𝑤∗

 =  ∆𝑇𝑇� �𝑤𝑤𝑤𝑤𝑤𝑤∗
𝜓𝜓�

+ 2ℎ𝐶𝐶� + 𝑤𝑤𝑤𝑤�� 

Subsequently, assume ∆𝑇𝑇� =  ∆𝑇𝑇� since 𝐶𝐶� = 𝐶𝐶� 

(2ℎ + 𝑤𝑤)𝐶𝐶�∆𝑇𝑇� = ..  

𝐶𝐶�∆𝑇𝑇� =
∆𝑇𝑇� �𝑤𝑤𝑤𝑤𝑤𝑤∗𝜓𝜓�

+ 2ℎ𝐶𝐶� + 𝑤𝑤𝑤𝑤��
2ℎ + 𝑤𝑤 =  ∆𝑇𝑇�

𝑤𝑤𝑤𝑤𝑤𝑤∗
𝜓𝜓�(2ℎ + 𝑤𝑤) + ∆𝑇𝑇�𝐶𝐶�(2ℎ + 𝑤𝑤𝑤)

(2ℎ + 𝑤𝑤)  

𝐶𝐶�∆𝑇𝑇� =  𝐶𝐶�∆𝑇𝑇� �1 + 𝑤𝑤𝑤𝑤𝑤𝑤∗
𝜓𝜓�𝐶𝐶�(2ℎ + 𝑤𝑤)� 

The final result (A3.7) matches Equation 3.5 of the main paper with the full notation 𝐶𝐶�� = ��∗
��

 

∆𝑇𝑇��� = ∆𝑇𝑇� �1 + 𝑤𝑤𝑤𝑤𝑤𝑤∗
𝜓𝜓�𝐶𝐶�(2ℎ + 𝑤𝑤)� =  ∆𝑇𝑇� �1 + 𝑤𝑤

(2ℎ + 𝑤𝑤) 𝜅𝜅𝜅𝜅∗
𝜓𝜓�𝐶𝐶�

� =  ∆𝑇𝑇� �1 + 𝑤𝑤
(2ℎ + 𝑤𝑤) 𝐶𝐶��

𝐶𝐶�
� 

  

(A3.6) 

(A3.7) 
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Chapter 4 

Urban planning strategies on heat stress for current and future 
climates   

Abstract 

In the Netherlands, there will be an urgent need for additional housing by the year 2040, which 
mainly has to be realized within the existing built environment rather than in the spatial extension 
of cities. In this data-driven study, we investigated the effects of different urban planning strategies 
on heat stress for the current climate and future climate scenarios (year 2050) for the urban ag-
glomeration of The Hague. Heat stress is here expressed as the number of days exceeding minimum 
temperatures of 20 °C in a year. Thereto, we applied a diagnostic equation to determine the daily 
maximum urban heat island based on routine meteorological observations and straightforward ur-
ban morphological properties including the sky-view factor and the vegetation fraction. Moreover, 
we utilized the Royal Netherlands Meteorological Institute’s (KNMI) climate scenarios to trans-
form present-day meteorological hourly time series into the future time series. The urban planning 
strategies differ in replacing low- and mid-rise buildings with high-rise buildings (which reduces 
the sky-view factor), and constructing buildings on green areas (which reduces the vegetation frac-
tion). We found that, in most cases, the vegetation fraction is a more critical parameter than the 
sky-view factor to minimize the extra heat stress incurred when densifying the neighbourhood. 
This means that an urban planning strategy consisting of high-rise buildings and preserved green 
areas is often the best solution. Still, climate change will have a larger impact on heat stress for the 
year 2050 than the imposed urban densification.

 

 

 

 

 

 

 

 

 

 

This chapter is based on:  

Koopmans, S., Ronda, R. J., Steeneveld, G. J., Holtslag, A. A. M., & Klein Tank, A. M. G. (2018). 
Quantifying the effect of different urban planning strategies on heat stress for current and future 
climates in the agglomeration of The Hague (The Netherlands), Atmosphere, 9(9), 353. 
doi:10.3390/atmos9090353 
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4.1 Introduction 

Climate change is expected to affect society substantially in terms of increased temperatures and 
precipitation, as well as more frequent weather extremes (IPCC, 2013; IPCC, 2014a). Sophisticated 
climate-change projections were carried out for many countries including the Netherlands. How-
ever, these projections mostly focus on rural areas, while policy makers are also interested in how 
they can make future cities more heat resilient. The Netherlands has the challenge of realizing one 
million new houses by the year 2040, which mainly need to be created within the existing built 
environment. This study aims to clarify how climate change evolves in Dutch cities, and which 
urban morphological factors need to be modified in order to reduce heat stress. 

Temperatures in cities are typically significantly higher for most of the day compared to 
their rural surroundings (Oke, 1982). The heat stress due to these higher temperatures has a signif-
icant impact on health (Clarke, 1971; Basu & Samet, 2002). These elevated urban temperatures are 
known as the urban heat island (UHI), which is defined as the difference in 2-m air temperatures 
between a city and the surrounding countryside. Many factors contribute to a warmer urban envi-
ronment. In general, the radiation balance of a city is altered due to its complex canyon structure, 
which results in a relatively small albedo, and thus, a large energy gain for the urban surface (Aida, 
1982). Furthermore, the energy balance of urban areas is different from rural areas due to the lower 
sky-view factor (Oke, 1982; Holmer, 1992), enhanced impervious surfaces (initiating a higher sen-
sible heat flux at the expense of the latent heat flux), and anthropogenic heat release (Allen et al., 
2011). Because of the relatively large heat conductivity and thermal capacity of the urban fabric, 
cities can store more heat during the daytime than rural environments. This energy is released after 
sunset creating the largest UHI in the evening or onset of the night. The elevated temperatures in 
urban areas affect human health and are a significant contributor to the excess mortality observed 
during heat waves (Clarke, 1971; Basu & Samet, 2002). High nighttime temperatures have adverse 
effects on human health by preventing an adequate recovery from daytime heat and by inducing 
sleep deprivation (Fischer & Schär, 2010). The best-known examples for western Europe were the 
high number of excess deaths in France during the heat waves of 2003 and 2006 (Fouillet et al., 
2006; Joe et al., 2016). In the Netherlands, the number of excess deaths was estimated to be be-
tween 1400 and 2200 in the summer of 2003 (Garssen et al., 2005). 

The UHI is difficult to quantify directly with observations since the availability of long-
term climatologic observational data in cities is limited. This is because official weather stations are 
preferably located in open rural or natural areas with the aim of obtaining a substantial spatial 
representativeness (WMO, 2014). Consequently, long-term climatological observations to monitor 
urban heat are rarely available for cities. Other observational sources from urban areas such as 
amateur weather station data or field campaign data generally do not cover long periods, and the 
data often represent only small areas due to the high variability in temperature within the urban 
area setting (Steeneveld et al., 2011a; Brandsma & Wolters, 2012). To overcome this lack of obser-
vations, the UHI is often modelled using sophisticated atmospheric mesoscale models coupled to 
an urban canopy (Kusaka et al., 2001; Chen et al., 2011; Salamanca et al., 2011; Ronda et al., 2017). 
However, those models require large amounts of initial urban morphological data, which are often 
inaccurate and sometimes not available (Theeuwes et al., 2017). Another approach is to measure 
the UHI with remote sensing techniques (Roth et al., 1989; Yuan & Bauer, 2007). However, cor-
relations between remote sensing derived surface temperatures and air temperatures are weak, due 
to the absence of advection and flux divergence in the air volume (Roth et al., 1989). In addition, 
the intervals of the revisiting times restrict a dynamical analysis of UHIs (Yuan & Bauer, 2007). 
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As an alternative approach, in this study, we diagnosed the daily maximum UHI by applying 
an empirical formula designed by Theeuwes et al. (2017). With this approach, we calculated urban 
minimum temperatures and compared them with rural minimum temperatures. The data needed 
in this equation consist of routine meteorological observations and morphological city characteris-
tics. A novel concept is the application of this equation to determine the UHI for current and 
future climates in an urban agglomeration. As a testbed, we computed the UHI for the agglomer-
ation of The Hague in the Netherlands (Figure 4.1). Previous research shows that cities of varying 
size in a maritime climate such as the Netherlands may experience severe heat stress (Steeneveld et 
al., 2011a). This also holds for near-coastal cities like Rotterdam where nocturnal UHIs are up to 
7 °C during clear heat-wave days (Heusinkveld et al., 2014). Molenaar et al. (2016) estimated that 
the number of hours of experienced heat stress, here defined as the hours with physiologically 
equivalent temperatures above 23 °C, will double from the current average of about 250 hours per 
year to slightly more than 500 hours per year under the warmest KNMI (Royal Netherlands Mete-
orological Institute) climate scenario. 

Also a novel concept, we investigated the impact of construction plans on the magnitude 
of the UHI. In the future, the Dutch government will face the challenge of building an additional 
one million residences before the year 2040 (EIB, 2015). A substantial part of this new construction 
has to be developed within existing urban areas. This means that the population density will in-
crease, which will apply pressure to the heat resiliency of cities. For instance, Steeneveld et al. 
(2011a) found a good correlation between the higher percentiles of UHI and population densities 
for Dutch cities of various sizes. Within the current research, we investigated the effect of different 
urban planning strategies on heat stress for current and future climate scenarios by creating heat 
maps with a resolution of 100 m. The urban planning strategies refer to the redevelopment and the 
construction of additional residences within the urban neighbourhoods. The construction differs 
between high-rise buildings and low- and mid-rise buildings. The choice has consequences for the 
urban morphological characteristics of an urban area, as vegetation fractions and sky-view factors 
are important parameters in determining the UHI. The aim of this study was to estimate urban 
nighttime temperatures for current and future climate in order to obtain measures which reduce 
the UHI. 

This chapter is organized as follows: Section 4.2 summarizes the modelling approach and 
introduces the climate scenarios and urban planning strategies we explored. Section 4.3 presents 
the results we obtained. Finally, in Sections 4.4 and 4.5, we reflect on our modelling approach and 
outcomes, and we draw conclusions. 

4.2 Methods 

This section presents the followed research methodology, the utilized KNMI climate scenarios, 
and the study area. 

4.2.1 Study area 

The Ministry of Infrastructure and Environment of the Netherlands was interested in the conse-
quences of climate change and additional housing on heat stress in cities. The Hague was chosen, 
because it is located in a large urbanized area where there is a great demand for housing (EIB, 
2015). The study area (referring to rectangle in Figure 4.1a) includes the cities of The Hague, Delft, 
and Zoetermeer, as well as the green agricultural areas that surround these cities. These cities have 
532,561, 102,253, and 124,695 inhabitants, respectively (CBS, 2018b), spread over 98.12, 24.06, and 
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37.06 km2, respectively. Other cities were included in our study to allow for a reliable verification 
and to enable a robust statistical relationship between residence density and urban morphological 
characteristics (see Section 4.2.2). Taking into account the population of the smaller villages and 
hamlets, the agglomeration of The Hague accommodates about one million inhabitants. It is one 
of the most densely populated regions in the Netherlands. The study area has a population density 
of 1270 inhabitants per km² (CBS, 2018c). 

The climatological conditions of these regions are characterized by the vicinity of the North 
Sea. The prevailing wind direction is from the southwest. The temperature distribution is rather 
mild with maximum and minimum temperatures of 21 °C and 16 °C in August. In January, the 
daily maximum and minimum temperatures amount to 6 °C and 3 °C. The yearly precipitation 
measures 666 mm, with the largest monthly precipitation in November. 

 
Figure 4.1: a) The agglomeration of The Hague and b) an overview map of the Netherlands  
(OpenTopo, 2018). The black rectangle in panel A indicates the study area for which the heat map was 
calculated. The three WMO stations are indicated in italics (Voorschoten, Hoek van Holland, and Rotter-
dam). Rotterdam acts as a rural reference station. The blue shapes in The Hague (Den Haag) represent the 
urban districts, Central Innovation District (CID), and The Hague Southwest, for which different urban 
planning strategies were evaluated for heat stress. 

4.2.2 Diagnostic equation to compute minimum temperatures in cities 

Urban heat islands and urban temperatures can be estimated looking at the combined effects of 
weather conditions and urban morphological characteristics. From these factors, a daily maximum 
urban heat island (UHImax) can be estimated using a diagnostic equation created by Theeuwes et al. 
(2017), henceforth referred as T17 (Equation 4.1). 

                                           urban morphology      meteorology 

𝑈𝑈𝑈𝑈𝑈𝑈��� � �� − 𝑆𝑆�� − 𝑓𝑓���  � �𝑆𝑆↓ ∗ (𝑇𝑇��� − 𝑇𝑇���)�

𝑈𝑈
�

  

This equation was validated using observational data from 14 cities across northwestern 
Europe that vary in size. The equation appears to be robust. The UHImax  expresses the maximum 

a 

b 

(4.1) 
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temperature difference between urban and rural environments on a given day in Equation (4.1). 
SVF  denotes the sky-view factor and fveg  denotes the vegetation fraction of the urban area. S↓ 
denotes the mean downward shortwave radiation (Kms−1), DTR denotes the diurnal temperature 
range (K), and U  denotes the mean wind speed (ms−1) measured at a rural station nearby the city. 
The average measurement period for each of the meteorological parameters can be found in T17. 
The heat maps are computed on grid cells with a resolution of 100 m. The SVF and vegetation 
fraction were determined using a source area of 500 by 500 meters around the grid cell, which was 
designated to a 100-m resolution. The SVF  originates from a 5-m resolution dataset (KNMI, 2018), 
derived from a digital elevation model based on airborne lidar measurements from aircraft measure-
ments made in 2008 (AHN, 2012). Upscaling from a 5-m to a 500-m resolution was performed by 
taking the median of street level SVF data points. The vegetation fraction dataset originates from a 
normalized difference vegetation index map (NDVI) (Attema et al., 2015). 

The spatial contrast of the UHImax across the city is a good measure to estimate which parts 
of the city suffer more from heat stress. Nevertheless, when climate change is incorporated, the 
UHImax is not an adequate measure of heat stress anymore since climate change is heating up the 
world regardless of whether an area is classified as rural or urban. Therefore, it is useful to make 
an evaluation based on the absolute values of urban temperatures, such as minimum temperatures 
(Tncity), which can be calculated as follows: 

𝑇𝑇𝑇𝑇���� = 𝑇𝑇𝑇𝑇����� + 𝑈𝑈𝑈𝑈𝑈𝑈��� ×  0.46 (4.2) 

When minimum temperatures are observed at the rural reference station, the UHI is typi-
cally substantially smaller than the UHImax. On a typical cloudless day, the minimum rural tempera-
ture increases by 46% of the UHImax (Oke, 1982). This fraction of the UHImax is also known as the 
UHITMIN. The WMO station in Rotterdam acts as a rural reference station (provides Tnrural   in Equa-
tion 4.2) (Figure 4.1a). Measurements from other nearby WMO stations were discarded, because 
they were located too close to the sea (Hoek van Holland) or were recently relocated (Voor-
schoten). In order to compute climatologies, we used the data from 15 summer half years (1 April 
– 30 September) covering the years 2002 to 2016 from the WMO station Rotterdam. Finally, we 
present heat maps showing the average number of nights per year that exceed the minimum tem-
perature of 20 °C. This metric is consistent with ongoing climate adaption policies in the Nether-
lands (CAS, 2020). These nights are often referred to as tropical nights. The heat maps were gen-
erated with the QGIS software (QGIS, 2018). 

4.2.3 Future climate scenarios 

For future climate scenarios, the meteorological time series from the rural station Rotterdam during 
the period 2002–2016 were transformed into the projected climate of 2050. The Netherlands 
weather services (KNMI) developed four different scenarios to depict how the climate may evolve, 
namely the GL, GH, WL, and WH scenarios. The scenarios differ in the estimated global temperature 
rise (G or W) and the degree of change in air circulation patterns (L and H suffix), all of which are 
schematically represented in Figure 4.2. 

These climate scenarios are based on the Intergovernmental Panel on Climate Change 
(IPCC) global climate model calculations, on global climate model EC-Earth results, and on a 
downscaling step within the regional climate model, Racmo (Klein Tank et al., 2015). All four 
scenarios have an equal chance of occurrence. As indicated in Figure 4.2, the scenarios differ in the 
degree of change in air circulation patterns and the global temperature rise. The differences in 
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global temperature rise are due to different projections of greenhouse gas emissions adopted from 
the emission scenarios from the IPCC. The scenarios GL and GH match the lower end of the emis-
sion reduction scenarios (RCP4.5 and RCP6), and the scenarios WL and WH match the high-emis-
sion scenario (RCP8.5) which does not include specific climate mitigation (Riahi et al., 2011; 
Cubasch et al., 2013). Within all of the model simulations, a distinction can be made between mod-
els showing a large and small precipitation response (van den Hurk et al., 2014). Simulations with 
a large precipitation response foresee wet humid winters and dry summers, and are assigned to H-
scenarios. The change in precipitation response is linked to circulation change, and H-scenarios 
show more frequent westerly circulation in the winter and domination of high pressure in the sum-
mer. In the summer, this means an increase in solar radiation and more easterly winds, which im-
plies higher temperatures. This weather type also favours urban heat islands. 

The scenarios provide monthly temperature increments for daily percentiles (KNMI, 2015). 
These increments were relative to the climate period of 1981–2010. There is already a climate signal 
in the time series (2002–2016) compared to this climate period, and this bias was subtracted from 
the results. Using the procedure of Molenaar et al. (2016), these increments were interpolated for 
all of the days in a month. In this study, the transformation was performed on hourly values, be-
cause the time frame in which minimum temperatures were determined differs from the standard, 
i.e., from 8 UTC to 8 UTC the next day. After the creation of a future hourly time series, a proper 
minimum temperature can be derived. As such, we use 

𝑇𝑇�(ℎ) = 𝑇𝑇�(ℎ) + ∆𝑇𝑇(𝑑𝑑) + ∆𝐻𝐻𝐻𝐻𝐻𝐻(ℎ) −  ∆𝐻𝐻𝐻𝐻𝐻𝐻(ℎ) (4.3) 

where 

∆𝐻𝐻𝐻𝐻𝐻𝐻(ℎ) = (𝑇𝑇�(ℎ) − 𝑇𝑇���
� )

�𝑇𝑇���� −  𝑇𝑇���
� �  ×  ∆𝐷𝐷𝐷𝐷𝐷𝐷 (4.4) 

The symbols are defined by the following: 

 𝑇𝑇�(ℎ)  =  hourly temperature current climate 

 𝑇𝑇���
�  = minimum daily temperature, 8 a.m. UTC to 8 a.m. UTC the next day 

 𝑇𝑇����  = maximum daily temperature, 8 a.m. UTC to 8 a.m. UTC the next day 

 𝑇𝑇�(ℎ) = hourly temperature for future climate 

 ∆𝑇𝑇(𝑑𝑑) = daily temperature increment to future climate 

 ∆𝐷𝐷𝐷𝐷𝐷𝐷 𝐷 change in average diurnal temperature range to future climate 

 ∆𝐻𝐻𝐻𝐻𝐻𝐻(ℎ) = hourly temperature deviation 

 ∆𝐻𝐻𝐻𝐻𝐻𝐻(ℎ) = 24-hour average bias of hourly temperature deviation 

For a transformation to hourly values, the daily temperature increments, ∆𝑇𝑇(𝑑𝑑), were added 
to individual hours (see Equation 4.3). This increment, ∆𝑇𝑇(𝑑𝑑), was the outcome of the procedure 
of Molenaar et al. (2016). A novel aspect is that the change in diurnal temperature range, ∆𝐷𝐷𝐷𝐷𝐷𝐷, 
between the future and current climate was also taken into account (Equations 4.3 and 4.4). With 
Equation 4.3, a new dataset of minimum temperatures for 2050 can be directly calculated using the 
hourly temperature dataset of 𝑇𝑇�(ℎ). The ∆𝐻𝐻𝐻𝐻𝐻𝐻(ℎ) is subtracted in Equation 4.4 to conserve an 
average increase of Δ𝑇𝑇𝑇𝑇𝑇𝑇 over 24 hours.  
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The UHImax  from Equation 4.1 also changes in a future climate. The scenarios generally 
show an increase in global radiation and generally show a decrease in DTR, which influences the 
UHImax. On the contrary, however, the H-scenarios (GH and WH) show a small increase in DTR for 
the warmest months of July and August. In all climate scenarios, these months show an increase 
in global radiation from 2% in the GL scenario to 7% in the WH scenario, as well as a change in 
DTR between -3% in the GL scenario and 2% in the WH scenario. For the transformation in global 
radiation, we followed the method of Bakker (2015). The climate scenarios provided only monthly 
changes in global radiation. In our study, the change in radiation was distributed over all days 
without exceeding the maximum realistic daily radiation sum, which was set at 75% of the radiation 
at the top of the atmosphere (Bakker, 2015). Changes in wind speed were not considered, because 
they fell within the natural variation range (Klein Tank et al., 2015). Used transformation values 
for temperature percentiles DTR, solar irradiation can be found for July in Table A.5.6 in the Ap-
pendix of Chapter 5. 

 
Figure 4.2: Four scenarios were used to calculate future heat stress. They differ in global temperature rise 
and change in air circulation pattern. Reproduced with permission from KNMI, Brochure KNMI’14 cli-
mate scenarios, 2015 (Klein Tank et al., 2015). 

4.2.4 Urban planning strategies 

The impact of the redevelopment and the construction of additional residences was evaluated for 
two urban districts. One district was a residential area consisting of low- and mid-rise buildings 
located in the southwestern part of The Hague, referred to as “The Hague Southwest” (Figure 
4.3a). The other district was located near the centre of The Hague and mainly consisted of a rela-
tively old business area and newer high-rise commercial buildings. This area is scheduled for rede-
velopment and is referred to as the Central Innovation District (CID) (Figure 4.3b). The densifi-
cation of this district is much larger than that of The Hague Southwest, because of the larger build-
ing assignment.  

The building assignments of the districts could either be achieved by building on currently 
green spaces or by replacing the existing low- and mid-rise buildings with high-rise buildings. This 
will either reduce the vegetation fraction or raise the SVF, which will consequently increase the 
UHImax. This choice and the alternative of building residences in surrounding green corridors were 
examined using five distinct urban planning strategies shown in Table 4.1. 
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Table 4.1: Five urban planning strategies that complete the building assignments for The Hague Southwest 
and the Central Innovation District (CID). The enumeration starts with B, in accordance with the panels 
in Figures 4.8 and 4.10. Panel A in these figures represents the current housing. 

 The Hague Southwest  CID (Central Innovation District) 

B 
 
 

C. 
 

D. 

 

Build on green corridors around the urban 
neighbourhoods with low- and mid-rise build-
ings. 

Construct low- and mid-rise buildings on green 
spaces within the urban neighbourhoods. 

Construct high-rise buildings within the urban 
neighbourhoods to preserve existing green 
spaces. 

B. 
 
 

C. 

Construct high-rise buildings whereby 
green spaces are preserved as much as 
possible. 

Construct high-rise buildings whereby 
the vegetation fraction is increased. 

 

 
Figure 4.3: a) Theoretical building assignment for districts of The Hague Southwest, and b) the CID. The 
building assignment is indicated for different neighbourhoods within brackets, and the number above the 
brackets indicates the current number of residences in the neighbourhood. The pink areas in panel A indi-
cate green corridors which were built using strategy C. The white numbers label the different neighbour-
hoods. 

In this study, the building assignment was expressed as a change in the SVF  and/or vege-
tation fraction in order to estimate the changes in the UHI (see Equation 4.1). Hence, as a first 
step, we had to determine the numerical relationship among the density of the residences (CBS, 
2018c), the SVF, and the vegetation fraction (fveg) for the current building volume of the agglomer-
ation of The Hague. This is expressed as 

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅�

= −213(�1�)𝑆𝑆𝑆𝑆𝑆𝑆 𝑆𝑆 𝑆𝑆(�3𝑆)𝑓𝑓��� + 1.85(�𝑆.𝑆�)�𝑆𝑆𝑆𝑆𝑆𝑆𝑅 �𝑅𝑓𝑓���� + 22�8� (4.5) 

  

a b 
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Figure 4.4: Empirical relationship among the density of the residences (CBS, 2018c), the sky-view factor 
(SVF), and the vegetation fraction for the agglomeration of The Hague presented on a three-dimensional 
(3D) surface (R2 = 0.64). Areas with more than one-third non-residential buildings were removed from the 
analysis. Areas with a population density below 750 per km2 were also removed. The black line and the 
black dotted line indicate the equilibrium between the slopes of the vegetation fraction and the SVF. The 
grid resolution used is 500 m. 

Figure 4.4 shows the empirical relationship among the density of the residences, the SVF, 
and the fveg in a three-dimensional (3D) plot. Herein, the SVF  and the fveg  are denoted in percent-
ages. The ranges used for this relationship vary between 52–99% and 11–93% for the SVF  and the 
fveg respectively. For the CID, it was necessary to extrapolate to a minimum SVF  of 22% and a 
vegetation fraction of 5% to meet the requirements of the high density of residences. Note that 
the population density does not currently occur in the agglomeration of The Hague. The UHImax 
equation (Equation 4.1), however, was tested for highly urbanized areas (Theeuwes et al., 2017); 
thus, it can deal with the planned densification for the CID. The values used for the SVF, the fveg, 
and the density of residences for the five urban planning strategies can be found in Table A4.1 and 
A4.2 in the Appendix. 

4.3 Results 

4.3.1 Model validation for the agglomeration of The Hague 

The diagnostic equation for the UHI applied here (Equation 4.1) was designed and tested using 
observational data from cities of variable sizes in northwestern Europe (Theeuwes et al., 2017). It 
was crucial to verify the results presented here with personal weather stations in the agglomeration 
of The Hague. First, minimum temperatures are a different metric from the maximum UHI used for 
verification by T17. Second, the retrieval and integration of morphological data and meteorological 
data were slightly different compared with the procedure of T17. Finally, spatial differences may 
occur because the area is bordered by the coast, where seasonality in sea-surface temperatures and 
the presence of a sea breeze may play a role. 
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A quality assessment of crowdsourced weather data is indispensable, because weather sta-
tions may have issues and are not always properly installed (Bell et al., 2015; Meier et al., 2017). For 
the verification, we used data from personal weather stations in the agglomeration of The Hague, 
and data were also obtained from the Weather Underground platform. We selected only Davis 
Vantage Pro and Oregon scientific stations, since they show small biases in the night (Bell et al., 
2015). This added up to nine stations in total. The time series from these stations comprised two 
years of data (2015–2016) restricted by the summer period (April–October). Minimum tempera-
tures were discarded if more than two hourly values were missing (as in the analysis by Hopkinson 
et al. (2011). After evaluating this constraint, the minimum availability was 48% and the average 
availability was 78% for a single personal weather station. 

 
Figure 4.5: a) Quantile–quantile plot for modelled and observed (Davis and Oregon personal weather 
stations) nighttime minimum temperatures for the years 2015–2016. b) The bias between the data from 
these personal weather stations and the diagnostic equation are presented as a function of temperature. 
Error bars indicate the standard deviation. 

The personal weather stations and the diagnostic equation were compared in a quantile–
quantile plot in Figure 4.5a, and the bias and standard deviation of the stations grouped by percen-
tile are shown in Figure 4.5b. Only the lower percentiles with low minimum temperatures had a 
substantial cold bias. It is expected that the lack of anthropogenic heat led to the underestimation 
in the diagnostic equation (Equation 4.1). During cold weather in the spring, the anthropogenic 
heat source is larger than in the summer due to heating of buildings (CBS, 2018a). Furthermore, in 
the lowest and highest percentile, there seemed to be more variance in minimum temperatures of 
the personal weather stations than in the modelled minimum temperatures of the diagnostic equa-
tion. The other percentiles showed good agreement between the model and the observations, with 
only slight cold biases, and supported the reliability of the equation. 

a 

b 
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4.3.2 Heat stress for current and future climate in 2050 

As a starting point, a heat map of the current climate was constructed for The Hague (Figure 4.6). 
Note that this heat map covered a smaller area than the study area displayed in Figure 4.1. In the 
current climate, tropical nights are not common. On average, rural areas experience 1.25 tropical 
nights per year, while the urbanized parts of The Hague face 3.5 to a maximum 4.5 tropical nights 
per year. 

Note that, in rural areas, the number of tropical nights was distributed quite uniformly over 
the 15 years. During 20% of the years, there were no tropical nights and the warmest year in the 
series. The year 2006, on the other hand, had three tropical nights. The tropical nights typically 
occurred when weather conditions were governed by a warm humid cyclonic southerly flow with 
an upper level trough west of the European continent and approaching fronts, sometimes referred 
to as a Spanish plume (Hamid, 2012). These situations are unstable with high chances of thunder-
storm and squall lines bringing in colder air masses; therefore, such situations do usually not last 
long. These situations prevent rural areas from developing a cool stable boundary layer at night. 
Urban areas may experience tropical nights particularly during relatively long warm episodes or 
heat waves, which is more often accompanied by an anticyclonic weather type. For the year 2006, 
a maximum of 14 tropical nights occurred in the centre of The Hague. Six tropical nights occurred 
within a period of eight days. Note that a warm summer like 2006 is not unlikely in the current 
climate. The return time of such a summer is estimated at eight years (KNMI, 2006). 

 
Figure 4.6: Modelled average number of nights per year above 20 °C for the current climate (2002–2016) 
for The Hague. 

Concerning the climate in 2050, we foresee that the number of tropical nights will increase 
substantially. Depending on the scenario, rural areas may experience 2.1–5.8 tropical nights per 
year, and the centre of The Hague may experience 6.5–16 tropical nights per year (Figure 4.7). For 

 <= 1.25 
1.25 – 1.5 
1.5 - 1.75 
1.75 - 2 
2 - 2.25 
2.25 – 2.5 
2.5 – 2.75 
2.75 – 3 
3 – 3.25 
3.25 – 3.5 
3.5 – 3.75 
3.75 – 4 
4 – 4.25 
4.25 – 4.5 
4.5 – 4.75 
4.75 – 5 
5 – 5.25 
> 5.25 
 



Chapter 4    Urban planning strategies on heat stress for current and future climates   

82 
 

the city, this means a three- to fourfold increase in tropical nights for the warmest WH scenario 
compared to the current climate. The observed warm year 2006 would fall in between the WL and 
the WH scenarios for an average year around 2050. The transformed year 2006 would lead to 15 
tropical nights in rural areas and up to 32 tropical nights in the centre of The Hague for the WH 
scenario. 

The absolute difference in tropical nights between rural and urban areas increases in the 
warmer scenarios, because more prevalent weather conditions will enable more tropical nights in 
cities in a warmer climate. Minimum temperatures simulated in cities of around 18 °C in the current 
climate will exceed 20 °C in the WH scenario, and those nights will occur much more frequently 
than the tropical nights of today. Interestingly, the average UHI is likely to decrease a little for 
urban tropical nights in the future, because the more prevalent weather conditions are less related 
to strong UHIs. In any case, there will be very little change in the number of tropical nights for all 
future climate scenarios (less than 3%). This is elaborated in the discussion. 

 
Figure 4.7: Modelled average number of nights per year above 20 °C for the four KNMI’14 climate sce-
narios representing the year 2050. 

4.3.3 Urban planning strategies for The Hague Southwest 

For the urban district, The Hague Southwest, three urban planning strategies (abbreviated to strat-
egies) were examined, and the impact on the number of tropical nights and UHImax  was evaluated. 
The current climate does not indicate clear absolute differences in tropical nights between urban 
areas, due to the scarcity of these nights in low- and mid-rise urban areas. Therefore, the different 
strategies were shown for the future WH scenario only. The additional heat stress (measured in 
number of tropical nights per year) will be mostly scattered over the urban district in the strategy 
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where new residences will be built on the currently green corridors around the neighbourhoods 
(Figure 4.8A,B).  

The other strategies concentrate the heat stress particularly within the neighbourhoods. 
The largest increase in the number of tropical nights takes place in neighbourhood 2, which has 
the highest density of residences with the largest building assignment (Figure 4.3). For the hottest 
place in this district, the average number of tropical nights per year will increase from 3.1 to 3.5 in 
the current climate (not shown), and from 11 to 13 nights in the WH scenario shown in Figure 
4.8C,D (the mildest GL scenario shows an increase from 4.7 to 5.4–5.5 tropical nights per year). 
Thus, the maximum expected numbers of tropical nights for this neighbourhood in strategy C and 
strategy D are very similar. However, strategy C (construct low- and mid-rise buildings) shows 
larger patterns of these maxima than strategy D (construct high-rise buildings to preserve green 
spaces). Strategy C is moderately warmer than strategy D for the entire urban district, especially in 
neighbourhood 2. This is best seen in the continuous scale of the 95th percentile of UHImax  in 
Figure 4.9 for the current climate. The maximum increase in the 95th percentile of UHImax  is 1.2 °C 
for strategy C and 0.8 °C for strategy D, and remains nearly constant for the future scenarios. Note 
that these relative differences in the scenarios are also reflected in the expected minimum temper-
atures. In summary, the realization of high-rise buildings to preserve existing green spaces appears 
to be a better strategy than constructing low- and mid-rise buildings on existing green spaces for 
The Hague Southwest. 

 
Figure 4.8: Modelled number of tropical nights per year for the WH climate scenario in 2050 for The Hague 
Southwest for: (A) current housing, (B) building on green corridors around the neighbourhoods with low- 
and mid-rise buildings, (C) constructing low- and mid-rise buildings on green spaces within the urban 
neighbourhoods, and (D) constructing high-rise buildings within the urban neighbourhoods to preserve 
existing green spaces. 
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Figure 4.9: Difference in the modelled 95th percentile of UHImax  between (A) strategy C (constructing low- 
and mid-rise buildings) and (B) strategy D (constructing high-rise buildings). Both are compared with the 
current housing for the current climate. 

4.3.4 Urban Planning Strategies for the CID 

For the CID (Central Innovation District), we looked at the frequency of tropical nights and UHImax 
to examine the effects of the urban planning strategies (Figures 4.10 and 4.11). In contrast to The 
Hague Southwest, the effect of the urban planning strategies is larger for the current climate, and 
therefore, is presented in Figure 4.10. The most urbanized neighbourhoods 1 and 3 show the largest 
increase in tropical nights in both strategies, from 3.5 tropical nights per year up to more than five 
tropical nights per year in the current climate. The future climate scenarios foresee 8–15 tropical 
nights per year in the GL and WH scenarios, respectively. When compared to the district, The Hague 
Southwest, it is not clear which strategy is best. However, differences between the two strategies for 
the 95th percentile in UHImax  reveal that the strategy where green spaces are preserved most (strategy 
C) is the best choice (Figure 4.11). The neighbourhoods 1, 2, 3, and 7 show mixed results, which 
is due to the small sizes of the areas. If the neighbourhoods were larger, then strategy C would 
result more clearly in less heat stress. In the Appendix the other climate scenarios are displayed for 
the urban planning strategies for CID and The Hague Southwest, the number of tropical nights 
for the warmest year 2006, and monthly transformation tables for temperature, DTR and global 
radiation from the current climate to the future climate in 2050. 
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Figure 4.10: Modelled number of nights above 20 °C per year for the CID in the current climate for (A) 
current housing, (B) constructing high-rise buildings whereby green spaces are preserved as much as pos-
sible, and (C) constructing high-rise buildings whereby the vegetation fraction is increased. 

 
Figure 4.11: Difference in the modelled 95th percentile of the UHImax between strategy B and strategy C 
for the WH climate scenario. 

 
<= 1.25 
1.25 – 1.5 
1.5 - 1.75 
1.75 - 2 
2 - 2.25 
2.25 – 2.5 
2.5 – 2.75 
2.75 – 3 
3 – 3.25 
3.25 – 3.5 
3.5 – 3.75 
3.75 – 4 
4 – 4.25 
4.25 – 4.5 
4.5 – 4.75 
4.75 – 5 
5 – 5.25 
> 5.25 
 



Chapter 4    Urban planning strategies on heat stress for current and future climates   

86 
 

4.4 Discussion 

4.4.1 Thresholds in urban planning strategies 

In this paper, we studied the effects of different urban planning strategies on heat stress for current 
and future climates in the agglomeration of The Hague. It appears that preserving green spaces was 
clearly the best urban planning strategy in order to avoid heat stress for The Hague Southwest. The 
difference between the strategies for the CID was much smaller. An explanation for this difference 
appears when examining the statistical relationship among the density of residences, the SVF, and 
the vegetation fraction (Equation 4.5). The larger the slope or partial derivative is in Equation 4.5, 
the more residences could be built per a certain decrease in SVF  or decrease in vegetation fraction. 
Thus, the effectiveness of the strategy depends on the specific urban conditions. The vast majority 
of the data points in Figure 4.4 are positioned above the black line, which means that more resi-
dences could be built per percentage point decrease in the SVF  than per percentage point decrease 
in the vegetation fraction. Note that a percentage point decrease in the SVF  has the same effect on 
UHImax as a percentage point decrease in the vegetation fraction (Equation 4.1). This means that, 
for the majority of neighbourhoods, a decrease in the SVF  due to high-rise buildings causes less 
heat stress than building low- and mid-rise buildings on green spaces. 

𝑆𝑆𝑆𝑆𝑆𝑆 𝑆 𝑓𝑓��� − 7.1 (4.6) 

The threshold which determines the favourable strategy can be derived from Equation 4.5 
and is denoted in Equation 4.6. It is also represented as the dotted black line at the bottom of 
Figure 4.4. Note that this relationship is specific for The Hague agglomeration and might alter 
slightly for other urban areas, even in the similar climates of other countries in northwestern Eu-
rope. 

This threshold indicates that reducing the SVF  by constructing high-rise buildings is a better 
measure, unless the SVF  is considerably low and the vegetation fraction is high. This is relatively 
rare for the agglomeration of The Hague. The differences in effectiveness between the strategies 
can be attributed to the cross product in Equation 4.5, which appeared to be significant. The den-
sity of residences can be imagined roughly as a product of urban fraction (inverse of vegetation 
fraction) and height of the buildings (more or less correlated with the inverse of SVF ). Two inter-
mediate values in this product result in a substantial larger density of residences rather than a low 
and a high value for equal levels of heat stress. 

4.4.2 Applicability and limitations of the UHI diagnostic equation 

Spatial variation in UHImax and nighttime minimum temperatures within cities were investigated 
several times using multi-year observation data in cities. Montavez et al. (2000) found that the 
urbanization of Granada in Spain resulted in increased nighttime minimum temperatures predom-
inantly in the city centre. Eliasson (1996) concluded that urban–park temperature differences were 
on the same order of magnitude as urban–rural temperature differences, which corresponds to 
large parks in The Hague. Heusinkveld et al. (2014) found that spatial differences in vegetation 
cover are paramount in determining the spatial variation in UHI, and the correlation coefficients 
were best for an upwind fetch area of 700 m. In the current study, the wind direction was not taken 
into account, and therefore, a smaller area of 500 by 500 m was an appropriate choice. When 
considering SVF, an aerial mean is used to relate the SVF to UHI to incorporate advection effects on 
air temperature, which was performed in studies such as those by Goh and Chang (1999) and Unger 
(2004). Similar to our study, Unger (2004) extracted the SVF  on a scale of 500 by 500 m. 



4

4.4 Discussion 

87 
 

The verification of two years of crowdsourced city temperature data reveals that the diag-
nostic method used in this study does not indicate substantial biases in minimum temperatures in 
urban areas. This supports the use of the current diagnostic equation. Although the diagnostic 
equation is a physically meaningful equation with conservation of fundamental dimensions, not all 
potentially important contributing factors were taken into account. One can think of contributing 
factors such as anthropogenic heat, albedo, thermal admittance, which is related to the heat storage 
of buildings, distance to open water from a city’s edge, and a vertical temperature gradient, as a 
measure for stability at the rural reference station. The latter two appeared to have less significance 
(Theeuwes et al., 2017). Caution is advised when applying the method to places that have large 
anthropogenic heat production like industrial areas or highly densely populated areas. Industrial 
areas were not sampled in the validation of T17. Anthropogenic heat can be included into the 
equation by adding it to the incoming solar radiation, or it can be added as a separate variable. 
When added to the incoming solar radiation, it has no substantial influence, apart from the cau-
tioned areas with large anthropogenic heat production. Since the proximity to open water is not 
considered in the equation, the urban areas close to the sea have larger uncertainties for our study 
area. Open water is difficult to implement in a time-invariant UHImax  equation, because the effect 
is strongly dependent on the season (Theeuwes et al., 2013). For albedo and thermal admittance, it 
is a challenge to retrieve reliable area-wide data on building properties. Albedo data can be straight-
forwardly retrieved from satellite observations, although a top view would over-represent roof al-
bedo, which is less decisive on the street level than wall and street albedo (Hamdi & Schayes, 2008). 

A conversion factor of 0.46 was used to estimate the UHITMIN from the UHImax (see Equation 
4.2). The ratio between UHImax and UHITMIN (conversion factor) is probably not fixed for all the 
percentiles, as demonstrated in a crowdsourced data study conducted in the Netherlands 
(Steeneveld et al., 2011a), and for city weather stations in Rotterdam (Heusinkveld et al., 2014). 
The last study reported UHImax to UHITMIN ratios in the range of 0.63–0.87 for the 95th percentile. 
However, it might be a safe choice to have a conservative conversion factor, since the rural refer-
ence station Rotterdam is affected by UHI mainly due to advection from Rotterdam and the airport 
itself (Heusinkveld et al., 2014). Spatially, the conversion factor may change between areas with 
dominant narrow or wide street canyons (Theeuwes et al., 2014). 

4.4.3 Climate change projections on heat stress 

As demonstrated in Figure 4.7, the projected climate change could have a large to huge effect on 
heat stress levels. Regional climate models for Europe show similar outcomes. The high con-
sistency in worsening health indices seem alarming for Europe (Fischer & Schär, 2010). Gasparrini 
et al. (2017) and Huynen and Martens (2015) found an increase in heat-related excess mortality for 
future climate scenarios. For the Netherlands, the population-attributable fraction of mortality is 
estimated to increase by 44–119%, depending on the KNMI’14 climate scenarios (Huynen & 
Martens, 2015). Furthermore, mortality increases when heat waves are combined with air pollution 
(Analitis et al., 2014). Air pollution also increases with higher temperatures, due to the associated 
higher chemical reaction rates and elevated emissions of biogenic ozone precursors (Athanassiadou 
et al., 2010). Nevertheless, the direct effect of elevated temperatures during heat waves seems to 
primarily be the effect of excess mortality (Basu & Samet, 2002; Analitis et al., 2014). 

Specific to the number of tropical nights, Fischer and Schär (2010) showed a three- to 
fourfold increase in the number of tropical nights for France and Central Europe between 1961–
1991 and 2021–2050. For downtown Paris, an increase from six to 35 tropical nights per year was 
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estimated between current and future climate (A1B scenario 2071–2099) (Lemonsu et al., 2013). 
Apart from the different methodology used, these results are in line with our findings. 

4.4.4 Comparison of urban heat island and climate scenario contributions on heat stress 

Urban heat islands, as well as the projections of the climate scenarios for 2050, show significantly 
raised temperatures compared to rural areas in the current climate (see Figure 4.7). More specifi-
cally, rural areas in the WL and WH scenarios showed approximately the same number of tropical 
nights for the centre of The Hague in the current climate. Nevertheless, climate change appears to 
create more significant heat stress than the imposed urbanization by the applied building assign-
ments. This applies especially to The Hague Southwest. The neighbourhoods 1 and 3 in the CID 
have large building assignments, and the increase in the number of tropical nights falls within the 
single climate-change effect of the GL and GH scenarios. In particular, the higher minimum tem-
peratures showed a large increase in the climate scenarios. For the 5% warmest nights, an increase 
in night minima of 0.7 °C is foreseen for the GL scenario, and up to 2.2 °C for the WH scenario 
(1.2 °C and 2.7 °C compared to the reference climate period of 1981–2010). This climate-change 
effect is about the same for rural and urban areas, which is discussed in the next paragraph. In 
contrast, the impact of urban planning strategies is smaller, but still relevant. The largest relative 
temperature differences among the urban planning strategies were found in The Hague Southwest. 
The preserving green strategy led to a 42% lower increase in UHImax in the 95th percentile than the 
building on green spaces strategy, i.e., 0.33 °C and 0.57 °C, respectively. For the CID, the building 
assignment was much larger, and the increased vegetation fraction strategy noted an increase of 
1.09 °C compared to 1.36 °C for the preserving green strategy (difference of 20%). Tropical nights 
in urban areas were generally related to a lower UHImax percentile, which corresponds to a lower 
UHImax, and consequently, the numbers increased by 25%. 

The climate change effect is nearly the same for rural and urban areas since the UHI will 
be very similar in the future climate. In the diagnostic equation for UHImax  (Equation 4.1), this is 
represented by an offset between a projected decrease in DTR  and a projected increase in incoming 
shortwave radiation, except for the WL scenario. This scenario shows the largest decrease in DTR 
with an unchanged amount of sunshine. However, this results in a minor reduction in UHI by 2–
3%. In July and August, the UHI slightly increased (2–3%) for the H-scenarios, according to the 
increase in DTR. Most other studies confirmed the small or non-significant average UHI changes 
for mid-latitude cities in western Europe for the future climate (McCarthy et al., 2010; Grossman-
Clarke et al., 2014). There are climate models even hinting at a decrease in UHImax and UHITMIN  due 
to larger projected precipitation deficits and associated drier soils in the summer time (Lemonsu et 
al., 2013; Hamdi et al., 2014). In such situations, rural temperatures increase, because less energy is 
used for evapotranspiration. Hamdi et al. (2014) found that, for a coupled urban and regional cli-
mate model, the higher percentiles of UHITMIN could decrease by 1 °C. For our study area, the effect 
of soil dryness does not play a substantial role in the UHI, because the land is below sea level and 
ground water levels are controlled. 

4.5 Conclusions 

In this study, we investigated the effect of additional housing in constructed zones on heat stress, 
worked out using different urban planning strategies for the current and future climates for the city 
of The Hague (the Netherlands). The heat stress is expressed based on the frequency of tropical 
nights, where minimum temperatures are above 20 °C, and on the 95th percentile of the maximum 
daily urban heat island, UHImax. The proposed additional housing was added near the city centre 
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and in a residential area in The Hague. The urban planning strategies were applied in delineated 
urban neighbourhoods and differed in replacing low- and mid-rise buildings with high-rise build-
ings, or constructing buildings on vegetated areas. The temperature projection was computed using 
a validated diagnostic equation which combined weather data and urban morphological character-
istics. The vegetation fraction appeared to be a more critical parameter than the sky-view factor, 
which was reduced by the tall buildings for the vast majority of urban configurations. This means 
that the combination of mid-rise and high-rise buildings with a preservation of vegetated areas was 
the best strategy. There is, however, an empirically determined optimum between vegetation frac-
tion and sky-view factor. The most favourable green strategy mitigated the heat stress by 42% and 
20% for the two urban districts tested. 

In general, climate change will cause a larger increase in heat stress than the extra heat stress 
caused by the imposed urbanization. Only the largest imposed building assignments could compete 
with the colder climate scenarios. The most urbanized area of the city has on average 4.5 tropical 
nights per year. For this area, we found a range of 6.5–16 tropical nights per year for the coldest 
and warmest climate scenarios. For the warmest summer in the data series (year 2006), the number 
of tropical nights would increase from 14 in the current climate to 32 in the warmest climate sce-
nario. The results were verified with a selection of high-quality personal weather stations. The 
model results were in good agreement with observations and showed only a slight cold bias. The 
prescribed method based on a diagnostic equation is a fast and efficient way of determining clima-
tologies in minimum temperatures, and it is directly applicable for other cities across northwestern 
Europe. 

Supplementary Materials reference  

The following are available online at http://www.mdpi.com/2073-4433/9/9/353/s1, Figure S1: 
Modelled number of tropical nights per year for the year 2006, Figure S2: Modelled number of 
tropical nights per year for year 2006 transformed to the four KNMI’14 scenarios, Figure S3: Mod-
elled average number of nights per year above 20 °C for The Hague Southwest for the current 
climate, Figure S4: Modelled average number of nights per year above 20 °C for The Hague South-
west for the GL climate scenario, Figure S5: Modelled average number of nights per year above 20 
°C for The Hague Southwest for the GH climate scenario, Figure S6: Modelled average number of 
nights per year above 20 °C for The Hague Southwest for the WL climate scenario, Figure S7: 
Modelled number of nights above 20 °C per year for the CID for the GL climate scenario, Figure 
S8: Modelled number of nights above 20 °C per year for the CID for the GH climate scenario, 
Figure S9: Modelled number of nights above 20 °C per year for the CID for the WH climate sce-
nario, Table S1: Transformation table GL climate scenario from current climate to future climate in 
2050, Table S2: Transformation table GH climate scenario from current climate to future climate 
in 2050, Table S3: Transformation table WL climate scenario from current climate to future climate 
in 2050, Table S4: Transformation table WH scenario from current climate to future climate in 
2050. 
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Appendix 

Here, the values for the sky-view factor SVF and the vegetation fraction fveg are presented, which 
were used for the urban planning strategies shown in Table A4.1 and Table A4.2. According to 
strategies C and D, only one characteristic, the SVF or, was changed. The green corridor in strategy 
B has the urban characteristics of neighbourhood 1, which allows it to meet the criteria of the 
building assignment.  

For the CID strategy C, both the SVF  and the fveg  were changed for neighbourhoods which became 
heavily urbanized in order to maintain realistic values. For instance, neighbourhood 1 has urban 
characteristics similar to downtown Paris in strategy C (Theeuwes et al., 2017). 

Table A4.1: Values used for the SVF  and fveg for urban planning strategies in The Hague Southwest. In 
addition, the density of residences is indicated. Neighbourhoods are displayed in Figure 4.3. 

  Southwest      A. Current situation          B. Building green           C. Building                     D. Preserve existing 
            corridors                          low-/mid-rise              green Spaces 

Neigh-
bourhood 

Res/ 
km2   fveg SVF Res/ 

km2  fveg SVF Res/ 
km2  fveg SVF Res/ 

km2  fveg SVF 

1 5344 0.51 0.73 5344 0.51 0.73 5852 0.43 0.73 5852 0.51 0.69 
2 5606 0.49 0.72 5606 0.49 0.72 8185 0.11 0.72 8185 0.39 0.58 
3 5305 0.48 0.70 5305 0.48 0.70 6439 0.32 0.70 6439 0.48 0.61 
4 6703 0.51 0.72 6703 0.51 0.72 7009 0.47 0.72 7009 0.51 0.69 
5 0 n/a n/a 5344 0.73 0.51 0 n/a n/a 0 n/a n/a 

 

Table A4.2: Values used for the SVF  and fveg for the urban planning strategies in urban district CID. In 
addition, the residence density is indicated. Neighbourhoods are displayed in Figure 4.3. 

  CID            A. Current situation         B. Green spaces preserved          C. Increased vegetation fraction 
Neighbour-
hood fveg SVF Res/km2 fveg SVF Res/km2 fveg SVF 

1 0.20 0.71 17010 0.05 0.23 17010 0.06 0.22 
2 0.30 0.66 9811 0.13 0.55 9811 0.26 0.47 
3 0.21 0.87 15643 0.06 0.29 15643 0.10 0.26 
4 0.21 0.67 7706 0.17 0.64 7706 0.35 0.54 
5 0.08 0.80 5805 0.08 0.77 5805 0.47 0.60 
6 0.15 0.86 5907 0.15 0.74 5907 0.46 0.60 
7 0.19 0.82 11919 0.09 0.46 11919 0.19 0.39 

 

 

 

  

 



5

 

91 
 

Chapter 5 

Mapping thermal comfort on a 1-m scale with meteorological and 
geographical tools 

Abstract 

In the Netherlands, municipalities and other sub-national governments have to conduct climate 
stress tests to examine the societal impact of heat load by citizens. So far, these parties have been 
hindered by the abundance of contrasting urban heat maps produced with different metrics and 
methods by different agencies. To unify the stress tests, we present a methodology for a standard-
ized urban heat map at 1-m spatial resolution by selecting the Physiological Equivalent Tempera-
ture (PET) as metric for heat stress. First, we present an empirical regression model for PET, based 
on a variety of weather data and street configurations in the human thermal energy balance model 
Rayman. Thereafter, this empirical PET model is evaluated for the midsized town Wageningen (the 
Netherlands). Meteorological observations taken at a nearby reference site and straightforward ge-
ographical data have been used as model input. Also, established methods were applied and elab-
orated to account for the urban heat island effect and wind speed reduction in the city. The pre-
sented method is validated against bike traverse observations of PET. Wind speed is the most 
challenging feature to map, due to its unsteady and local behaviour in cities. As a result, an after-
noon averaged PET heat map is demonstrated as standard for an extreme heat day (1:1000 summer 
half year days), and a cumulative exceedance PET heat map for a representative year. Furthermore, 
a heat map is projected for 2050 according a warm climate change scenario. 

 

 

 

 

 

 

 

 

 

 

This chapter is based on:  

Koopmans, S., Heusinkveld, B. G., & Steeneveld, G. J. (2020). A standardized Physical Equivalent 
Temperature urban heat map at 1-m spatial resolution to facilitate climate stress tests in the Neth-
erlands, Building and Environment, 181, 106984. https://doi.org/10.1016/j.build-env.2020.106984 
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5.1 Introduction 

Climate change and the urbanization urges authorities to investigate whether climate adaptation 
measures should be taken (IPCC, 2014a), via so called climate stress tests in the Netherlands. A 
climate stress test assesses bottlenecks and vulnerabilities in the physical and socio-economic in-
frastructure in case of flooding, drought and ultimately also heat stress. This study focuses on heat 
stress by developing high-resolution (1 m) heat maps that indicate the hot spots, which aims to 
help decision makers to plan their climate adaptation and infrastructural measures. So far, many 
different urban heat maps circulate right now indicating different heat metrics, which may confuse 
stakeholders of municipalities and subnational governments. These metrics may vary from remote 
sensing based surface temperatures (van der Hoeven & Wandl, 2015), urban heat islands (UHIs) 
based on air temperature (Atlas Natuurlijk Kapitaal, 2020), to the number of tropical nights (nights 
with minimum temperatures above 20 °C) (CAS, 2020). To unify the heat maps the Dutch Ministry 
of Infrastructure asked a broad consortium to select one heat metric, and to develop a recipe to 
create an accompanying heat map. 

Heat waves are projected to become more severe and have longer durations in Europe 
(Fischer & Schär, 2010). The higher temperatures more often lead to thermal discomfort and heat 
stress with adverse effects on human health and labour productivity (Pogačar et al., 2018). Under 
high-risk groups like elderly and people with cardiovascular diseases, higher mortality rates have 
been observed in recent severe heat waves in Europe in 2003 and 2006 (Fouillet et al., 2006; 
D’Ippoliti et al., 2010) and the number of heat related deaths are projected to increase in the climate 
scenarios (Huynen & Martens, 2015; Gasparrini et al., 2017). Most people suffer from heat stress 
in cities, which also result in higher mortality rates (Clarke, 1971; Basu & Samet, 2002; Grize et al., 
2005). This is related to higher air temperatures relative to their rural counterparts which is known 
as the UHI. Higher temperatures are induced by the urban morphological characteristics (Holmer, 
1992) and reduced evaporation by impervious surfaces (Oke, 1982). Due to the relatively high heat 
capacity of the urban fabric, higher temperatures are especially observed in evenings and early 
nights. 

Air temperatures, however, do explain only a small part how humans experience heat. More 
important is to include factors which affect the heat release of the human body. These factors 
include the wind speed, which provides ventilation and ameliorates heat stress, humidity which 
determines how efficient humans can release heat by transpiration and radiation load, which has 
the largest contribution from solar radiation. One of the thermal comfort indexes accounting for 
these factors is the Physiological Equivalent Temperature (PET) (Höppe, 1999). PET classes have 
previously been constructed to define different grades of thermal perception (Matzarakis et al., 
2009). In case of low wind speed and low insolation due to cloudiness, the air temperature is close 
to the PET. In sunlit calm conditions during summer, the PET can exceed the air temperature by 
20 °C.  

Compared to an open rural environment, the urban PET increase is expected to exceed the 
air temperature increase (Heusinkveld et al., 2014; Klemm et al., 2015), due to relatively low wind 
speeds induced by a high surface roughness and multiple reflections of solar radiation from build-
ings. Wind speed and incoming radiation vary on a very small scale in cities. Therefore, heat maps 
are calculated at a 1-m resolution to reveal small-scale hotspots to offer decision makers insight in 
the vulnerable locations in their urban environment, and are an indispensable tool needed for cli-
mate stress tests. 
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A novelty of the presented heat maps is the combination of different state-of-the-art em-
pirical meteorological models and GIS-based tools at 1-m resolution, which is subsequently tested 
against in situ observations in the urban environment. Applying empirical models avoids expensive 
high-resolution numerical simulations, but it allows for relatively easy to implement routines. For 
instance, urban air temperatures and wind speed can be estimated with routine weather observa-
tions and information about land use and geometries of buildings and trees (Matzarakis et al., 2010; 
Theeuwes et al., 2017). Heat maps are demonstrated for the town of Wageningen in the Nether-
lands for a representative hot day afternoon and an average summer half year (April–September). 
In addition, an outlook is given by creating a heat map for the warmest climate scenario in 2050 
(Klein Tank et al., 2015). Wageningen serves as a testbed since traverse meteorological measure-
ments were available for a validation. 

This Chapter is organized as follows: Section 5.2 summarizes the model approach of the 
heat map, Section 5.3 presents the results and validation, and in Section 5.4 and 5.5 we discuss and 
conclude our outcomes and modelling approach. A complete step-by-step recipe is attached in the 
Appendix. 

5.2 Methods 

Here, we present the description of the empirical PET model which determines the important 
components that the heat map consist of in Section 5.2.2. Thereafter in Section 5.2.3 the calculation 
of these components is described in distinct steps, including the required geographical information 
datasets. Finally, we present the methodology to create a heat map according a future climate sce-
nario and the methodology for the validation of traverse measurements. 

5.2.1 Large town Wageningen as testbed 

Wageningen is a large town with 39,673 inhabitants (2020) in the middle of the Netherlands (CBS, 
2019) (see Figure 5.1). The town is located at the edge of a shallow valley in the west and the slightly 
sloping nature area Veluwe in the east. On the south, Wageningen is bordered by the river Rhine. 
The built-up area of the town contains about 2.5 x 2.5 km2.  

Figure 5.1 indicates two important reference weather stations that will be used in this study. 
Wageningen University’s weather station The Veenkampen (Figure 5.1a) was used for the initial 
development of the recipe and verification of the standardized heat map. Since this weather station 
is located only 3 km from where the traverse measurements have been taken, we expect minimal 
errors in the heat map. To facilitate the development of future heat maps for other urban areas in 
the Netherlands, we advise to use nearby representative KNMI weather stations, which are easily 
accessible and equally formatted. All presented heat maps for Wageningen are driven by the closest 
representative KNMI station, which is KNMI station Herwijnen (WMO code 06356) Notwith-
standing, it is noticed that the Veenkampen station meet the WMO requirements and it is located 
in an open rural area. 
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Figure 5.1: a) The surroundings of the town Wageningen, and b) an overview map of the Netherlands. 
The black rectangle in panel a indicates the size of the calculated heat map. In panel a, the weather station 
De Veenkampen (51.981°N, 5.620°E) is indicated and in panel b the reference station Herwijnen 
(51.859°N, 5.146°E) is indicated. 

5.2.2 The empirical PET model 

Humans experience heat by registering the skin temperature and the blood temperature in the 
brains. The human body temperature is, apart from the meteorological conditions, also influenced 
by the internal heat production, sweat rate and clothing. These are personal and will vary substan-
tially between the human activity outside (Fanger, 1973), and is climate zone dependent (Cohen, et 
al., 2013). However, for policy making, it is important to use a standardized person, to fairly com-
pare outside thermal conditions. For PET, this standardized person is male, 35 years old, 1.75 m, 
75 kg, a clothing factor of 0.9 clo and he has a metabolic rate belonging to walking with 4 km h-1 

(VDI, 1998). PET classes were constructed to define different grades of thermal perception 
(Matzarakis et al., 2009). A PET above 29 °C indicates moderate heat stress in a temperate climate 
as western and central Europe. The PET limit of 29 °C marks the point that the majority of persons 
feel uncomfortable regarding heat stress (Fanger, 1973; Matzarakis et al., 1999).  

 The PET was computed by a human body energy balance model (Matzarakis et al., 2010), 
which accounts for the regulatory physiological processes of the human body and the meteorolog-
ical parameters influencing the fluxes. Especially radiation, is very complex since it varies in three 
directions. We distinguish between direct radiation from the unobstructed sun, and diffuse radia-
tion when scattered by clouds, and multiple reflections from buildings. At the moment it is com-
putationally impossible to calculate on a 1-m grid accurately the radiation components for a whole 
city. Therefore, we used the 3D energy model Rayman to simulate the PET for three summer 
periods (April–September) for 10 typical Dutch street configurations (Matzarakis et al., 2010), con-
sisting of equal height terraced houses on both sides of the road (Figure 5.2). The street configu-
rations are east west and vary in canyon width resulting in sky-view factor SVF   ranging 0.05 to 1 
both for natural surface and impervious road surface.  

a b 
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Figure 5.2: Representation of street configurations (grey bars) in human energy model Rayman. All walls 
are 10 m high and their albedo is 0.3. The resulting SVF   varied in successively steps from: 1.0, 0.809, 0.740, 
0.620, 0.525, 0.373, 0.205, 0.152, 0.108 and 0.05. 

Air temperature, solar irradiation, thermal radiation and wind speed were used as meteor-
ological input, as observed at the nearby weather station De Veenkampen. Only hours with PET 
values exceeding 20 °C were used as meteorological input to target for heat stress situations. The 
Rayman results were used to train an empirical PET model, based on regression techniques and 
meteorological and geographical data as input variables. In fact, two regression models have been 
developed, one for sunlit conditions and one for shadowed and nighttime conditions.  

For sunlit conditions the resulting PET equation denotes: 

𝑃𝑃𝑃𝑃𝑃𝑃��� = −13.26 + 1.25𝑇𝑇� + 0.011𝑄𝑄� − 3.37 𝑙𝑙𝑙𝑙(𝑢𝑢�.�) + 0.078𝑇𝑇� +
                    0.0055𝑄𝑄� 𝑙𝑙𝑙𝑙(𝑢𝑢�.�)  +5.56 𝑠𝑠𝑠𝑠𝑠𝑠(𝜑𝜑) − 0.0103𝑄𝑄� 𝑙𝑙𝑙𝑙(𝑢𝑢�.�) 𝑠𝑠𝑠𝑠𝑠𝑠(𝜑𝜑) + 0.546𝐵𝐵� + 1.94𝑆𝑆��   

And for shadow and nighttime conditions: 

𝑃𝑃𝑃𝑃𝑃𝑃����������� = −12.14 + 1.25𝑇𝑇� − 1.47 𝑙𝑙𝑙𝑙(𝑢𝑢�.�) + 0.060𝑇𝑇� + 0.015𝑆𝑆�� 𝑄𝑄� +
                                0.0060�1 − 𝑆𝑆�� �𝜎𝜎(𝑇𝑇� + 273.15)�        

Herein Ta denotes the 2-m air temperature (°C), Qs is the solar irradiation (Wm-2), u1.2 is the 
wind speed at 1.2-m height (ms-1), Tw the wet-bulb temperature, 𝜎𝜎 the Stefan Boltzmann constant 
(5.67.10-8 Wm-2 K-1), 𝜑𝜑 is the solar elevation angle (degrees), Bb is the Bowen ratio (ratio between 
sensible and latent heat flux), Svf   is the sky-view factor and Qd  the diffuse radiation (Wm-2). For 
impervious urban surfaces a typical value of Bb =3 was used and for well-evaporating vegetation Bb 
was set to 0.4 (Oke, 1987). The used Bowen ratio is applicable for grass vegetation that can evap-
orate well (Bowen ratio for potential evaporation is about 0.3 (Oke, 1982), and this can be found 
at many times in deltas with relatively stable water tables in the western part of the Netherlands. 
The wind speed and air temperature are different for urban areas compared to the open rural ref-
erence station due to the differences in roughness and the UHI effect which methods are described 
in the next section (5.2.3).  

  

(5.1) 

(5.2) 
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5.2.3 Mapping  

The PET model of Equation 5.1 and 5.2 allows one to compute a heat map for the surroundings 
of the rural reference station mainly intended for urban areas but not limited to urban areas only. 
Hence, geographical or meteorological data must be processed to estimate the different compo-
nents of these equations, which is presented in the flow chart in Figure 5.3 and Table 5.1. In case 
of the air temperature and wind speed, meteorological and geographical data must be combined. 
We discuss the estimation of the components governing the PET mapping, i.e. air temperature and 
humidity effects, wind speed, and shade effects by buildings and trees. 

Table 5.1: Overview of used data sources for calculating the heat map. The resolution used for the calcu-
lation steps is 1 m. The resolution of the source data is shown in brackets. The exact links can be found in 
Table A5.1 in the Appendix. 

Map Resolution (m or h) Flow-
chart 

Source Open data? 

Land use 1 (vector data) D1 Buildings and Water map:  
OpenStreetMap via  
www.Geofabrik.de  
Vegetation: www.pdok.nl  

Yes 

Aerial photo 
(RGBI) 

1 (0.25) D2 www.pdok.nl  
 

Yes 

Rural reference 
station, KNMI 
or Wageningen 
Univ. 

1 D3 www.knmi.nl 
www.met.wur.nl/veenkampen/data 

Yes 

Lidar based 
height map 

1 (0.5) D4 www.ahn.nl 
 

Yes 

Tree register 1 (vector data) D5 www.boomregister.nl  No 
Sky-view factor 
map 

1 D6 www.knmi.nl 
 

Yes 

 



5

5.2 Methods 

97 
 

 
Figure 5.3: Flow chart of the data sources (D), subdivided in maps (green) and temporal weather data 
(grey). The intermediate products are indicated in dark grey and actions are indicated in blue rectangles. 
The end product in this flow chart is the PET map (red).  
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Air temperature and wet-bulb temperature 

The UHI depends on meteorological conditions and the density of the urban environment. Typical 
weather leading to high UHI are low wind speeds and sunny conditions. The daily maximum UHI 
(UHImax) can be estimated by a diagnostic equation, which includes geographical - (left) and mete-
orological factors (right) (Theeuwes et al., 2017): 

𝑈𝑈𝑈𝑈𝑈𝑈��� = �� − 𝑆𝑆�� − ����  � �𝑆𝑆↓ ∗ (𝑇𝑇��� − 𝑇𝑇���)�

𝑈𝑈
�

 

Herein SVF  and fveg are the spatially averaged sky-view factor, and vegetation fraction re-
spectively with a certain source area (see Figure 5.4). The meteorological term contains S ↓, mean 
downward shortwave radiation (in Kms-1) (kinematic units), Tmax – Tmin, the maximum and mini-
mum temperature (°C) representing the diurnal temperature range and U the mean wind speed 
(ms-1), all measured at the rural reference station. Tmax  and Tmin are determined between 8 UTC 
current day – 7 UTC next day (10 – 9 h local time) to represent the cooling potential outside the 
city (Unger et al., 2001; Theeuwes et al., 2017). The mean wind speed was also determined over 
this period. The mean downward shortwave radiation is determined over the current day. The 
maximum UHI occurs about four hours after sunset for calm clear days. For the other hours, the 
UHImax is diminished by a correction factor that varies between -0.02 and 1 in the diurnal cycle 
Equation 5.4, Tables A5.3 and A5.4 in the Appendix).  

𝑇𝑇�[ℎ] = 𝑇𝑇���������� + 𝑈𝑈𝑈𝑈𝑈𝑈��� ∗ 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑�����[ℎ]    (5.4) 

The diurnal cycle is inspired by a characteristic curve of UHI by Oke (1982). This curve 
was defined for one particular day length. For other day lengths the curves were adjusted consid-
ering that the minimum UHI occurs about 4 hours after sunrise (Theeuwes et al., 2015). 

The derivation of Equation 5.3 implicitly considered that the remaining fraction of fveg is 
built-up area (Theeuwes et al., 2017). Apart from the morphological effects described by the SVF,  
this built-up area is on average warmer due to the larger partitioning of sensible heat flux compared 
to the latent heat flux and has a temporal shift due the heat storage. The presence of water surfaces 
complicates the application of this equation. On the one hand, water bodies have a high heat ca-
pacity like built-up area (Steeneveld et al., 2014), but on the other hand do evaporate and have 
higher latent heat fluxes and consequently lower sensible heat fluxes averaged over the day. To 
enable the applicability of the straightforward equations, water surfaces are treated as built-up area 
at night, and as vegetation at daytime. This temperature pattern is observed for a weather station 
in the harbour of Rotterdam (Heusinkveld et al., 2014). 

The SVF   and fveg were averaged for a source area of 500 x 1100 m (Figure 5.4), which 
corresponds to the correlation of land use and urban temperature as found in Heusinkveld et al. 
(2014). The source area is oriented towards the wind direction. In case of low wind speeds (< 1.5 
ms-1) a square-shaped source area of 700 x 700 m is used around the calculated grid cell. Since SVF  

and fveg are averaged over a large source area, the output resolution was set to 25 m to reduce 
computational costs. 

(5.3) 
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Figure 5.4: a) Source area for which the average sky-view factor and vegetation fraction is calculated on a 
resolution of 25 m. b) Source area for the calculation of frontal area density and building and tree heights 
which serves as input for wind speed computations. 

To assign the fveg  two maps are created, one for daytime and one for nighttime, due to the 
special role of water surfaces. The vegetation fraction per grid resolution is determined using NDVI 
< 0.16 in the aerial photography. However, cropland might not be classified as vegetation fraction 
then, especially when it is bare at the time of data collection. Cropland, even if it is bare, will not 
store the amount of heat as built up area does. Therefore, cropland is assigned as vegetation frac-
tion in the computation of air temperature (Table A5.1 D1 bgt_begroeidterreindeel in the Appen-
dix). 

For the SVF  (either 1-m resolution for PET equation as 25-m resolution for Ta), water 
surfaces and buildings need to be excluded. A SVF   cannot be identified for water bodies, which is 
a limitation of the underlying lidar technology (Worstell, et al., 2014). To estimate Ta, the SVF   under 
trees and other vegetated surfaces has been excluded. The effect of reduced SVF   in an urban canyon 
(mainly consisting of impervious road and pavements) has a more enhanced UHI effect than the 
reduced SVF   in parks by trees, due to the storage difference between buildings and trees. Ignoring 
the SVF  from green surfaces cancels a large part of this uncertainty. Subsequently, the mean SVF   

is computed over the source area. In case the vast majority is filtered out, then the SVF   is set to 1 
corresponding the rural reference case. The specific rules are presented in the Appendix B2. 

The wet-bulb temperature was calculated according to (Stull, 2011):  

𝑇𝑇� = 𝑇𝑇� 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎(0.151977(𝜙𝜙 𝜙 𝜙𝜙𝜙𝜙𝜙𝜙𝜙𝜙)�.�) + 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎(𝑇𝑇� + 𝜙𝜙) − 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎(𝜙𝜙 𝜙𝜙𝜙 𝜙𝜙𝜙𝜙𝜙𝜙) +
0.00391838𝜙𝜙��

�� 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎(0.023101𝜙𝜙) − 4.686035       (5.5) 

Herein Ta  denotes the air temperature and 𝜙𝜙 the relative humidity, both measured at the 
rural reference station. So, a constant Tw  is applied everywhere including the city. The relatively 
small coefficients of Tw  in Equation 5.1 (6% compared to Ta ), justifies this pragmatic approach, 
instead of calculating Tw  for every urban grid cell with urban temperature. Besides, the relative 
humidity is generally lower in urban areas (Landsberg & Maisel, 1972; Hage, 1975), which counter-
acts the slight rise on Tw  due to higher urban air temperatures. 

  

b a 
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Wind speed 

According to WMO guidelines reference weather stations were sited in open terrain with a low 
surface roughness (WMO, 2014). The surface roughness is substantially higher at other locations 
in the heat map in the vicinity of buildings and trees which coincides with lower wind speeds. A 
translation of the wind speed was made from the open reference station to locations with a higher 
surface roughness. First, we computed the mesowind at the blending height (60 m) from the wind 
and surface roughness of the weather station (roughness length z0 = 0.03 m) using a logarithmic 
wind profile in neutral conditions. The blending height is where the wind flow is supposed to be 
homogenous and thus independent of z0. According to field experiments performed by MacDon-
ald (2000), the wind speed is translated to 1.2 m in the urban canopy and representative for an 
averaged wind speed at neighbourhood scale. Above the roughness layer the wind profile is semi-
logarithmic, whereas the wind profile is exponential within the urban canopy. A stepwise approach 
with equations is presented in the Appendix B5).  

For the MacDonald method, the frontal area density of buildings is an important indicator 
of wind reductions in urban areas. The frontal areas were determined by deriving the perpendicular 
surfaces towards the wind direction (see Appendix Figure A5.3 for a visual representation). The 
source area for the frontal area density is 280 x 140 m aligned in the wind direction (Figure 5.4b). 

Here we added the implementation of frontal area density of trees to compute a total frontal 
area density in Equation 5.6, because trees also slow down the wind in real urban situations. The 
frontal area density for trees is represented as if it was a rectangular shape (frontal view) which 
holds for ordinary buildings. The wind-oriented crown area consists of 55% of a rectangle λ sur-
face, based on an ellipse shaped crown stretching 2/3 of the total height. Together with a small 
roughness reducing effect of porosity (0.9), the coefficient for trees 0.3 is half as large as the coef-
ficient for buildings (0.6) (Equation 5.6). The offset 0.015 is used to account for a small saturation 
effect. Larger frontal areas have higher chances that buildings and trees stand in each other’s wind 
shadow. 

𝜆𝜆��� = 0.6𝜆𝜆��������� + 0.3𝜆𝜆����� + 0.015                                                              (5.6) 

The coefficients in Equation 5.6 do not add up to 1, which is because often a part of the 
trees lies in the wind shade of adjacent buildings. 

Sun and shadow 

Exposure to direct sunshine is a prerequisite for high PET values. Sunlit locations can be deter-
mined by a cast shadow map. This cast shadow map can be created with the lidar based height map 
(AHN) and the UMEP GIS tool (Lindberg et al., 2018). This GIS tool can calculate cast shadows 
at all solar elevation angles during the day and season. Unfortunately cast shadows cannot be de-
termined at the surface under the tree crown. Therefore, the area below trees is designated as 
shadow if trees are higher than 2 m. This last prerequisite of 2 m is introduced to enable entering 
solar rays at the edge of the trees. In reality the foliage is partially transparent to solar radiation, so 
that PET values are slightly underestimated under trees. However, the priority is to distinguish the 
hot spots in the heat map which is never found under trees during daytime. 

The empirical PET equation in 5.2.1 require the solar irradiation (Qs) and the diffuse radi-
ation (Qd). The Qd  is calculated from Qs  as measured at the rural reference station, with a solar 
elevation angle (ϕ) that depends on the time of the day and the date: 
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��
��

= �
    1, 𝒊𝒊𝒊𝒊𝒊𝒊𝒊� < 0.3,

1.6 − 2𝜏𝜏�, 𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊  𝒊𝒊� < 0.7,
0.2,  𝒊𝒊𝒊𝒊𝒊𝒊𝒊� > 0.7.

                           (5.7) 

herein the atmospheric transmissivity (τa) is estimated as (de Rooy & Holtslag, 1998): 

  𝜏𝜏� = ��
���� ���(�)                                                     (5.8) 

The solar irradiation from the reference station is a sum of the past hour. To estimate the 
amount of radiation for the entire hour, the radiation for the coming hour and the past hour is 
averaged. 

5.2.4 Climate scenarios 

The recipe for the heat maps can also be utilized for climate projections. KNMI developed four 
scenarios for 2050 to depict how the climate may evolve (Klein Tank et al., 2015). These scenarios 
are derived from global climate model computations of the IPCC, global climate model EC-Earth 
results and on a downscaling step within a regional climate model. These model results are grouped 
in a scenario with a low - or high global temperature rise, and small or large change in circulation 
pattern. For each scenario, KNMI provides numerical values for temperature, relative humidity 
and radiation shifts, allowing conversion of meteorological time series from the current to a future 
climate (KNMI, 2015). In this study we transformed the time series to the so called WH scenario 
of 2050, which represents a high global temperature rise (W). The suffix “H” denotes a change in 
air circulation pattern, which envisages more high pressure dominance in summer resulting in drier, 
sunnier summers with an increase of easterlies. Daily maximum -, minimum - and average temper-
atures are transformed to the WH scenario of 2050 and interpolated to hourly temperature values 
according Chapter 4, which further elaborates on Molenaar et al. (2016).  

We use a new hourly based transformation of radiation, which elaborates on the transfor-
mation of daily solar irradiation by Bakker (2015). In the WH scenario, an increase in monthly radi-
ation is expected due to a decrease in cloudiness in the summer months. It is important that already 
clear-sky sunny days will not receive extra radiation, since radiation is an important term in the 
PET. Therefore, the Angot radiation is determined on an hourly basis (Allen et al., 1998), and 
multiplied with a daily averaged transmission factor of the atmosphere as used in the Angstrom 
equation. For individual hours, a daily averaged transmission factor does not hold. At noon, the 
sun ray path through the atmosphere is shorter than just after sunrise and before sunrise. To esti-
mate this difference, we created a series of measured ratio of solar irradiation / Angot radiation for 
the different hours for 15 summer half years. Per hour we created a 95th percentile. For the Neth-
erlands this percentile represents days with unobstructed sunshine. Hours that receive this amount 
of radiation or more in current climate, cannot receive extra radiation in a future climate. For hours 
below the 95th percentile the projected radiation increase is applied with an upper limit of the 95th 
percentile. So, this procedure ensures a realistic transformation of radiation on an hourly basis and 
this is summarized in the conditional equations below (Equation 5.9). The values of the percentiles 
to calculate 𝑄𝑄�(ℎ) is presented in the Appendix B9, based on the climatology of reference weather 
station Herwijnen. 
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                      𝑄𝑄�(ℎ) = �
 𝑄𝑄�(ℎ),   𝒊𝒊𝒊𝒊𝒊𝒊𝒊�(ℎ)  >  𝑄𝑄�(ℎ)     

              𝑄𝑄�(ℎ),   𝒊𝒊𝒊𝒊𝒊𝒊𝒊�(ℎ)  ∗  ∆𝑄𝑄(𝑚𝑚) >  𝑄𝑄�(ℎ)
𝑄𝑄�(ℎ) ∗ ∆𝑄𝑄(𝑚𝑚),   𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆

              (5.9) 

𝑄𝑄�(ℎ) = hourly Qs  current climate 
𝑄𝑄�(ℎ) = hourly Qs  future climate 
𝑄𝑄�(ℎ) = Angot radiation corrected for 95th percentile of observed hourly Qs 
∆𝑄𝑄(𝑚𝑚) = monthly Qs  increment to future climate 

5.2.5 Traverse measurements with cargo bicycle 

The heat map has been validated against mobile observations consisting of all meteorological quan-
tities that affect the human energy balance. The mobile measuring set-up consists of a cargo bicycle 
that is equipped with shortwave and thermal radiation sensors, ventilated air temperature and hu-
midity sensors and an ultrasonic anemometer, see Heusinkveld et al. (2010). The measurement 
consists of a pre-programmed route, extending 6 km through urban areas. The route has been 
designed such that they sample as much as possible contrasting neighbourhoods, such as neigh-
bourhoods with terraced houses, multi-storey apartments and a forested quarter with detached 
houses. The wind observations have been corrected for the bicycle speed by means of wheel speed 
and GPS speed measurements. Since the sensors have a certain inertia, observations should be 
averaged over a stretch of 20 m. Besides, the radiation sensors are separated on both sides of the 
driver to prevent measuring the driver himself, which means it is not possible to measure exactly 
on the square meter. However, variables such as temperature and wind speed also vary greatly over 
time, which means that validation of a heat map is only useful after spatial averaging. The model 
results are averaged over a stretch of 20 m, and 10 m in width. Curves and (near) stand stills for 
intersections have not been sampled. Curves have more uncertainty in wind speed estimates and 
source areas. Also, locations where the building stock dataset (documented in 2010) strongly differs 
from the real building stock at the moment of the observations (in 2013), have been eliminated to 
ensure a proper comparison. 

5.3 Results 

5.3.1 Validation 

In the validation section the empirical model is compared with thermal energy model Rayman and 
the model results are validated with cargo bike observations. We find a sound agreement between 
the empirical model and Rayman (Figure 5.5). The deviations for the sunlit empirical model show 
a little more spread, with a RMSE of 0.74 °C compared to an RMSE of 0.36 °C for shadowed 
empirical model. 
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Figure 5.5: Comparison between results of the empirical PET model and the reference output from human 
thermal energy model Rayman for a) sunlit conditions and b) shadowed conditions. 

The validation with observations and corresponding heat map is presented for 2 August 
2013, which was a clear-sky hot summer day for which traverse measurements were available. The 
maximum temperature recorded at the rural site was 34.2 °C, and the afternoon background 10-m 
wind was 3 Bft (5 ms-1). This day is comparable in temperature with the 1:1000 heat day presented 
in the next section.  

  
Figure 5.6: a) Heat maps of modelled PET and b) observed PET on August 2nd 2013 12 UTC (14 h local 
time). 

Figure 5.6 and 5.7 present respectively the modelled and observed PET and the difference between 
the modelled and observed PET for 12 UTC for urban areas. The relatively cool areas in the for-
ested quarter in the northeast are well represented (white circle Figure 5.7). In the city itself devia-
tions in PET are larger, consisting of mainly positive biases. Figure 5.8 shows the correlation be-
tween modelled and observed PET, especially in the higher PET percentiles with relatively small  
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Figure 5.7: Difference between modelled and observed PET on August 2nd 2013 12 UTC, (14 h local time). 
The white circle indicates the forested quarter which is simulated well. The orange circle indicates a place 
with a positive PET bias induced by an overestimation of modelled radiation. 

standard deviations. In the lower and mid percentile groups (0.2 - 0.6) the differences are larger 
with a positive bias (median) that correspond to shadowed or partially shadowed locations. Most 
of these sampled locations have trees providing shade and the differences are directly linked to 
differences in observed and modelled radiation. Substantial differences occur in the real tree crown 
providing shadow and the tree crowns used in the model. PET differences between neighbouring 
shadow and sunlit data points are ≅13 °C in the city and this can have a significant effect in the 
sampled source area. E.g. in the orange circle (Figure 5.7) positive PET biases are caused by an 
overestimation of sunlit data points in the middle of the road. In the method, we used a 2-m object 
height threshold (lidar based) to remove edges of trees and defoliated trees. This operation leads 
to an overestimation in modelled radiation here and on average for the whole route. However, 
although PET biases are much smaller by renouncing this operation this leads to too low radiation 
averages near trees and a larger bias corrected RMSE. Besides, we note that there is a general 
uncertainty in the transmissivity of radiation of trees, especially in the diffuse component for foli-
ated trees (Konarska et al., 2014). During droughts there is a larger risk of defoliation by insect 
defoliators and pests (Rouault et al., 2006), which logically increase the transmissivity of radiation. 
In general, the variation of multiple reflections between buildings, street surface differing in albedo 
and trees in different configurations cannot be covered in its full complexity. The PET equation 
can resolve a part, based on the street configurations in the training dataset. 
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Figure 5.8: Scatter plot of observed and modelled PET samples on August 2nd 2013 at 12 UTC in Wa-
geningen (blue dots). The black line and points indicate the percentile groups of the PET bike with bars 
indicating the standard deviation of PET differences between model and observation. The borders of the 
PET percentile groups are 0.05, 0.2, 0.4, 0.6, 0.8, 0.95. The lowest and highest percentile group <0.05 and 
>0.95 did not show a standard deviation, because the amount of data is limited compared to the other 
percentile groups. The orange line indicates the 1:1 line. 

In Wageningen the average modelled wind speed corresponds well with the observations 
(bias amounts to 0.18 ms-1). The spatial wind variation of the cargo bike and model does not match 
so well. From the observation side, uncertainties in wind speed arise through wind modifications 
by traffic and in lesser extent stream flow by the cargo bike and driver itself. More important, the 
wind speed is variable at short time scales because of daytime turbulence, and higher or lower wind 
observed wind speed may not always reflect the general wind speed at certain locations. From the 
model side, the urban wind is discussed in Section 5.4. Wind speed differences are about three 
times less important in explaining the PET deviations than radiation differences. Finally, the mod-
elled urban air temperature resembles the measured air temperature. The spatial differences in ur-
ban temperature are small at this time step, because the UHI is small in afternoon. 

5.3.2 PET heat map for daytime 

For the standardized PET map, we selected 1 July 2015, which is the 1:1000 heat day for WMO 
reference station Herwijnen (38 km southwest of Wageningen, Figure 5.1b) for the period April–
September. This corresponds to a 1 in 5.5 chance for the current climate. Also this day had con-
tinuous clear-sky weather with slightly more wind in afternoon, 3-4 Bft at the reference station. 
The afternoon average PET heat maps are shown in Figure 5.9 for the current climate and for the 
future climate (KNMI’14 WH scenario 2050).  
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Figure 5.9: Heat map showing mean PET for July 1st 2015, during 10–16 UTC (12–18 h local time) driven 
with the meteorology of the Herwijnen reference station. (a) current climate, (b) future climate 2050, trans-
lation to the WH climate scenario. Red circles indicate hot spots and the blue circle a cool spot. 
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Hot spots with 44 °C< PET< 46 °C are found on locations facing many hours of sun 
during afternoon and where the wind is reduced due to large frontal area densities of buildings. 
Examples of such locations are relatively open spaces like squares and non-vegetated rounda-
bouts (red circle 1 in Figure 5.9a). Less open spaces as street canyons with middle-rise buildings, 
and downwind the urban centre with a large area of buildings and narrow streets are also hot 
spots (see red circles 2 and 3 in Figure 5.9a). The coolest spaces at daytime are the locations un-
der the trees in the shadow. Other relatively cool spaces that are sunlit are open places with much 
ventilation such as open parks (blue circle 1). Remarkably, also a crossing leeward of an impervi-
ous bus station is relatively cool (blue circle 2). Upwind there are only few buildings that aligned 
as such that the wind is not obstructed much. 

The increase in PET in the WH scenario amounts to 2.8 °C all over the map and can be 
almost entirely attributed to the change in background air temperature, so changes in urban–rural  
differences and changes in shade-sun differences are negligible (Figure 5.9b). In other words, the 
magnitude of UHI is virtually unchanged in this scenario. The increase of sun duration is expected 
in the summer months for the WH scenario and therefore solar irradiation increases on average. 
However, the selected day was already sunny and significant increases in solar irradiation are there-
fore not possible. the WH scenario is slightly drier in the summer months by adding the monthly 
numerical values. However, the lower relative humidity in the WH scenario has a negligible effect 
on PET (0.04 °C).  

5.3.3 PET exceedance map 

From a climatological perspective it is interesting to examine an entire summer season of spatial 
PET differences. As climate stress tests should be focussed on heat stress, we may count the num-
ber of hourly exceedances of a PET threshold where most persons feel dissatisfied regarding heat 
stress, i.e. 29 °C. A PET exceedance map is robust since it is not influenced by day-specific weather. 
In the Netherlands warm episodes can originate from different circulation types (Kyselý, 2008), 
varying from weak winds from a central European high, or a stronger circulation of warm air from 
the south or east. To cover both mechanisms the accumulation of heat load over a whole summer 
is more representative than for a selected day. An analogous approach is used for moderating air 
quality in the European Union, whereby daily contaminant concentration exceedances are counted 
above a threshold value (EU-Commision, 2008). For contaminants, there is also a limit indicating 
the number of days per year this threshold value may be exceeded, which is not regulated for heat 
stress. 

The exceedance maps show the number of hours the PET exceeded (PET> 29 °C) for the 
current climate and translated into the future climate (Figure 5.10). The summer half year of 2013 
has a climatological average temperature and average heat production (accumulation average daily 
temperatures above 18 °C) and is therefore representative as example. 

Figure 5.10a shows that in the town, the PET criterion was exceeded by ≅160 hours per 
year in the rural countryside up to 430 hours in wind sheltered and unshaded locations places. For 
the WH scenario, an increase of 80-110 PET exceedance hours is expected for predominantly un-
shaded places. Locations with a relatively high shade and / or windy locations show a smaller 
increase i.e. up to a 30-hour increase under trees.  
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Figure 5.10: Modelled number of hourly PET exceedances above 29 °C in 2013 for the current climate (a) 
and the WH climate scenario (b) with the meteorology of the Herwijnen reference station. 
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5.4 Discussion and recommendations 

5.4.1 Urban climate maps 

Here we discuss heat maps developed with various models of contrasting complexity and grid 
spacings from 5 m to 500 m and compare these with our heat map. First, the urban heat maps are 
discussed which are based on general urban classifications and/or predominantly analytical or sta-
tistical geo-information models for landscaping a wind. Second, the heat maps based on complex 
numerical simulations are evaluated. 

In the field of urban planning a popular method to distinguish distinct local climates is the 
use of climatopes (Scherer et al., 1999). Climatopes are urban classifications based on common 
climatic geographical aspects. Examples include the Thermal Environmental Map of Tokyo, 
(TMG, 2005) and urban climatic maps for Hong Kong and Arnhem (UCMAPS) (Ren et al., 2012; 
Ng, 2012). The Thermal Environmental map of Tokyo distinguishes different thermal classes on 
500-m resolution based on urban density and anthropogenic heat, apart for residential and com-
mercial areas (TMG, 2005; Ren et al., 2011). Although this map may be intuitive and clear to urban 
planners, they miss spatial detail and lacks heat stress criteria which is provided by our heat map.  

The urban climatic map of Hong Kong contains more spatial detail and is also based on 
the PET estimated with continuous urban morphology data, green spaces and wind (Ren et al., 
2011; Ng, 2012). However, the map does not visualise PET but an urban classification scale. In 
contrast to our heat map, they did not take into account sun and cast shadow effects, which appar-
ently is important for fine grid PET calculations. Another widely used methodology are the Local 
Climate Zone (LCZ) based on a scale of 250 m and larger. The LCZ differs from climatopes by 
leaving out local topography and local climatology factors (Stewart & Oke, 2012), i.e. it will not 
represent wind ventilation paths. They are based on universally recognized built forms and land 
cover types and may serve well as basis for heat maps scaled up from neighbourhood observations 
(Alexander & Mills, 2014), and numerical model heat maps (Bassett et al., 2016; Ching et al., 2018). 
Verdonck et al. (2018) carried out both numerical simulations and an observational assessment on 
LCZ classes and found quite overlapping normalized temperature ranges. Alternatively, Shi et al. 
(2016) interpolated urban observations with different geographical mapping methods into an urban 
climate map and noted a RMSE for PET of 2.0–2.3 °C for Hong Kong. This compares well with 
the found RMSE in our study. 

The finer scale heatmaps from numerical simulations which use a grid resolution between 
100 m and 1 km (Bohnenstengel et al., 2011; Heaviside et al., 2015; Ronda et al., 2017; Hoffmann 
et al., 2018), cannot capture the energy and wind flow of individual buildings and therefore it needs 
to parameterize. For urban parameters as building height and frontal area index the determination 
for a grid is comparable as calculated by the source areas in our study (Bohnenstengel et al., 2011; 
Ronda et al., 2017). Although the offered detail is not so large for a heat map, the simulated tem-
peratures were within an accuracy range of 1–2 °C for Bohnenstengel et al. (2011). Ronda et al. 
(2017) evaluated urban fine-scale forecasting for lead times up to 48 hours. Mean absolute errors 
from independent air temperature observations were quite low in the first 24 hours, with 1.5 °C at 
daytime and 1 °C at nighttime. Relatively small-scale models with grid spacings of ~5 m apply 
computational fluid dynamics, which implies that individual buildings with accompanying wind 
flow and energy exchanges could be resolved. Ashie and Kondo (2011) performed a heat map for 
whole Tokyo with an RMSE of 1.1 °C. However, it should be noted that they used a steady state 
calculation since the size of the domain is huge. Although numerical models might perform slightly 
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better than the analytical and statistical geo-models including ours, the applicability of the latter is 
larger to other areas. Moreover, the calculations of climate adaptation measures in the urban climate 
map is much faster for geo-models. Finally, it was demonstrated for our climate map that it is 
possible to calculate a climatology for a year, which is impossible for numerical models with a fine 
resolution for a city domain. 

5.4.2 Urban wind 

Wind speed strongly affects the PET, because it determines largely how efficient the human body 
can transfer heat to the atmosphere (Höppe, 1999). Especially in situations with low wind speed, 
the PET is relatively sensitive to the wind speed as this can be observed in the logarithmic terms 
in the PET equation. So, the uncertainties in wind speed lead to a larger deviation in PET at low 
wind speeds. 

Pedestrian wind speeds have also been derived with urban morphology by Johansson et al. 
(2016), who found good statistical scores based upwind fetch distances to closest buildings and 
downwind SVF. A downside is that trees are not implemented and that the set-up and validation is 
done against another model instead of independent observations. The role of trees on the wind 
speed in urban canyons has been investigated by several studies (Heisler, 1990; Huang et al., 1990; 
Salim et al., 2015; Kent et al., 2017; Zhang et al., 2018). Huang et al. (1990) produced a straightfor-
ward regression equation translating open field wind velocities to urban site wind velocities by 
conducting one total canopy (planar surface) density from buildings and trees data from Heisler 
(1990).  

In addition, Kent et al. (2017) earlier adopted vegetation frontal area densities in the mor-
phometric method of MacDonald et al. (1998) to calculate urban canopy wind. They expand the 
method by recalculating the z0 and using separate drag coefficients for trees and based on porosity 
estimations of Guan et al. (2003). The relative contribution of trees in the frontal area density is 
similar (45%) to our estimations, holding the same dimensions of trees. Alternatively, Kent et al. 
(2017) add the frontal area densities of trees to an unaltered definition of frontal areas for buildings. 
On the contrary, we reduced the contribution of buildings by a factor 0.6 (Equation 5.6), so our 
frontal area densities are smaller which correlates with less wind reduction. 

With small-scale computational fluid dynamics models, wind speeds can be properly mod-
elled around individual buildings and trees on a 1-m scale resolving turbulence (Salim et al., 2015). 
However, the domain size is limited since the method is computationally intensive. Salim et al. 
(2015) simulated a wind field for a domain size of 2 by 2 km2 on 1-m scale for the city centre of 
Hamburg. A large city as Tokyo (33 x 33 km2) has been simulated on 5-m resolution. Another 
advantage of the GIS-based tools approach in our study is that it allows for quicker computation 
of modifications in an urban area like greening or implementation of extra trees. 

In the current approach, the source area for wind including the frontal area density is 280 
x 140 m, aligned in the wind direction (Figure 5.4b). Ching et al. (2009) used 1 km2 as resolution 
for frontal area density in NUDAPT, which is a database with an urban morphology statistic set- 
up for meteorological models. Wong and Nichol (2013) and Burian et al. (2002) used a smaller 
source area of 100 m. Although Wong and Nichol (2013) finds a good correlation of 0.57 for 
modelled and observed windspeed in Hong Kong, we think 100 m is too small to estimate the 
wind speed. Firstly, local wind behaviour, like channel flow can be resolved partly with our ap-
proach and corner accelerations are not possible. Second, winds at higher levels, such as at the top 
of the roughness layer are affected by roughness elements further upstream (Grimmond et al., 
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1998). The top of the roughness layer varies within urban morphologies differing in density and 
building height. Kent et al. (2017) used this weighted source area approach for determination of 
roughness variables to calculate λ for a climatology of Swindon UK. Applied to Wageningen (sim-
ilar urban density), our stationary source area covers 80% of the weighted source area, which cor-
responds well. Note that a larger source area for Wageningen would give excessive weight to ob-
stacles further away. 

5.4.3 Outlook and recommendations 

Development and disclosure of reliable monitoring data regarding urban heat stress is of primary 
importance in order to better describe the influence of land use and urban morphology factors. 
Also fixed stations which measure the required components of the PET are indispensable. Valida-
tion with these stations may provide clarity about the skill of the PET heat maps, by comparing 
uncertainties due to temporal variations of wind humidity and temperature (Shi et al., 2016). Geo-
graphical improvements in the heat map consists of applying thermal properties of the urban fabric 
including albedo, a more sophisticated approach incorporating water surfaces, and anthropogenic 
heat sources.  

Starting with anthropogenic heat, this may be included in the UHI formula by adding it to 
the solar irradiation. Although it implies that not all terms on the meteorological of the formula is 
measured at a rural site anymore, physically urban specific energy fluxes can be applied here. Note, 
that the UHI equation is in the end a diagnostic regression formula between two dimensionless 
groups in a dimensional analysis. For most cities in western Europe (where the equation has been 
tested) anthropogenic heat plays a minor role on hot summer days, compared to solar irradiation 
determining the UHI. For dense high-rise districts as the city of London and central Tokyo report-
ing summer daily averages over 100 Wm-2 (Ichinose et al., 1999; Iamarino et al., 2012), anthropo-
genic heat becomes more significant. For comparison warm sunny days denote typically 300-350 
Wm-2 for mid-latitudes.  

The albedo determines the fraction of solar radiation that is absorbed by a surface. For 
urban areas this determines also how much energy is stored in the urban fabric and relates directly 
to UHIs. Increasing urban fabric albedo by 0.2 can result in a daily peak reduction of 0.65 °C for 
a clear summer day based on validated model simulations for Basel, Switzerland (Hamdi & Schayes, 
2008). In Equation 5.3 the albedo can be included as an absorption coefficient in front of the solar 
irradiation term. 

However, Equation 5.3 will not account for direct effects of adjustments of albedo on air 
temperature at daytime, since at daytime the diurnal factor is small. It is more complicated to in-
corporate these effects in a practical formula. Different albedos lead also to different partition of 
incoming shortwave radiation reflected by walls and streets. Therefore, it is recommended to re-
train the PET model with the human energy model Rayman for various albedos. For both albedo 
and anthropogenic heat, it is advised to re-evaluate the underlying regression of the UHI equation 
and coefficients might be added to the meteorological variables. Furthermore, we like to address 
that soil moisture availability is important to consider. Dry episodes will reduce the cooling effects 
of vegetation by limiting evapotranspiration. It is recommended to apply higher Bowen ratios if 
soil moisture is limited. This is common for drier climates and sandy soils that is known to be 
unable to retain water well. In our study the soil moisture availability was quite high and relatively 
stable, because parts of Wageningen are a seepage area and water levels are managed in detail. 



Chapter 5      Mapping thermal comfort on a 1-m scale with meteorological and geographical tools 

112 
 

Finally, we discuss the empirical PET equation and the thermal thresholds. In other climate 
zones thermal perceptions may vary, due to the adaptation to a warmer or colder climate (Cohen 
et al., 2013). Also, the metabolic rates of equal activities vary and therefore the corresponding PET 
is different. The moderate heat stress limit in Taiwan is 5 °C higher compared to that of western 
and central Europe (Lin & Matzarakis, 2008). Besides it is important to retrain the PET model with 
representative climate data in other climate zones. 

5.5 Conclusions 

In this paper, we present a recipe for a 1-m resolution heat map representing the Physiological 
Equivalent Temperature (PET) at pedestrian height for current and future climate. As testbed the 
mid-sized town of Wageningen (the Netherlands) has been chosen since traverse observations are 
available for this town. The heat map is developed in two stages. First, we derive an empirical PET 
model based on Rayman model simulations for a representative set of street configurations and 
through the summer season. Second, this empirical model is applied for a city using geographical 
information. Herein, established methods for estimating urban air temperatures and street-level 
winds are combined in an empirical PET model.  

Subsequently, one heat map is derived for a warm clear-sky summer afternoon which rep-
resents a 1:1000 heat day. By aggregating the PET load for the entire afternoon, the map represents 
an average heat load and justifies the hourly sun and shadow differences. The maximum PET in 
the afternoon amounts to 46 °C for calm sun exposed locations. In the KNMI WH climate scenario 
for 2050 the PET is projected to increase quite uniformly with 2.8 °C. In addition, climatological 
heat doses are calculated by counting exceedances of PET values above 29 °C. For a representative 
year the maximum exceedances develop from 430 hours to 530 hours per year in the WH scenarios. 
Within a city, the amount of exceedance hours is threefold that of the open rural environment. 
From a verification with cargo bike weather observations, radiation differences lead to largest un-
certainties in PET, due to uncertainties in the size and transmissivity of tree crowns. 

With this recipe for heat maps we intend to promote risk dialogues within municipalities 
and relevant boards. A logical next step is the development of a national PET heat map based on 
the developed recipe. Further progress can be made by including albedo, anthropogenic heat and 
a more sophisticated inclusion of water surfaces. 
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Appendix 

This document is a concise but complete step-by step recipe including all operations to create the 
PET heat map. It starts with two tables listing the input data sources and calculation steps (Table 
A5.1; Table A5.2). Thereafter, the operations are separately described in the sections B1-8. The 
numbers refer to the flow chart numbers in Figure 5.3. In B9, it is explained how meteorological 
data can be transformed to future climate scenarios. Lastly, B10 contains a list of symbols. 

Table A5.1: Overview of used data sources for calculating the heat map. The resolution used for the cal-
culation steps is 1 m. 

Map Resolution  
(m or h) 

Flow chart Source Open 
data? 

Land use 1 (vector data) D1 Buildings 
OpenStreetMap via Geofabrik: 
http://download.geofabrik.de/europe/ 
netherlands.html/netherlands-latest-
free.shp.zip  
Vegetation 
PDOK (bgt): 
https://mijn.pdok.nl/nl/producten/pdok-
downloads/download-basisregistratie-groot-
schalige-topografie (bgt_begroeidterreindeel) 
Water 
OpenStreetMap via Geofabrik: 
http://download.geofabrik.de/europe/ 
netherlands.html/netherlands-latest-
free.shp.zip (gis.osm_water_a_free.shp) 
  

Yes 

Aerial photo 
(RGBI) 

1 (0.25) D2 PDOK: 
Within the PDOK plugin in QGIS the follow-
ing maps are retrieved: 
Luchtfoto 2016 Ortho 25 cm RGB 
Luchtfoto 2016 Infrarood 25 cm 
 
 

Yes 

Rural refer-
ence station, 
KNMI or 
WUR 

1 D3 KNMI: 
https://www.knmi.nl/nederland-nu/klimatol-
ogie/uurgegevens 
WUR: 
www.met.wur.nl/veenkampen/data 

Yes 

Lidar based 
height map 

1 (0.5) D4 www.ahn.nl (original source) 
map sheets: 
https://www.pdok.nl/viewerwebmap 
object height: 
http://geodata.nationaalgeoregister.nl/ahn2/  
atom/ahn2_05m_ruw.xml 
ground level: 
http://geodata.nationaalgeoregister.nl/ahn2/ 
atom/ahn2_05m_int.xml 

Yes 

Tree register 1 (vector data) D5 www.boomregister.nl  No 
Sky-view 
factor map 

1 D6 KNMI: 
ftp://data.knmi.nl/download/sky_view_fac-
tor_netherlands/1.0/noversion/2007/01/01/ 

Yes 
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Table A5.2: Overview of calculation steps, and its locations in the flow chart. The description of the oper-
ation steps is described in the sections B+(flow chart number). The air temperature and wind speed map 
are interpolated from 25 and 35 m to 1 m, respectively, before the PET calculations are performed. 

Operation Resolu-
tion (m) 

Flow- 
chart 

Operations and sections in Appendix. 

Vegetation per pixel 
and Bowen ratio per 
pixel 
 
 
 

1 1 Vegetation pixel as (I-R)/(I+R)>0.16 
     I= infrared value 
     R=red value 
Bowen ratio =3 in city and 0.4 for water and 
vegetation. (well evaporating) 
 

Tcity, (Ta in city), UHI, 
vegetation fraction and 
average sky-view factor 

1 (25) 2 See B2 

Wet bulb temperature 
Tw 

- 3 As function of Ta  and 𝜙𝜙, see B3 

Cast shadow map 1 4 Calculate cast shadow map for 1 h intervals 
with the lidar based height map (for the en-
tire year 2013 a 2-hour interval is used for 
practical reasons). Per month decade new 
cast shadow calculations should be made. 

Wind speed 1 (35) 5 Translating wind from reference station to 
mesowind at 60-m height and then translat-
ing to street level via method MacDonald 
(see B5). 

Diffuse irradiation - 6 See B6 
PET in the sun 1 7 See B7 
PET in the shadow and 
night 

1 8 See B8 

 
B1. NDVI and Bowen ratio 

𝑃𝑃𝑃𝑃𝑃𝑃��� = −13.26 + 1.25𝑇𝑇� + 0.011𝑄𝑄� − 3.37 𝑙𝑙𝑙𝑙(𝑢𝑢�.�) + 0.078𝑇𝑇� +
0.0055𝑄𝑄� 𝑙𝑙𝑙𝑙(𝑢𝑢�.�)  +5.56 𝑠𝑠𝑠𝑠𝑠𝑠(𝜑𝜑) − 0.0103𝑄𝑄� 𝑙𝑙𝑙𝑙(𝑢𝑢�.�) 𝑠𝑠𝑠𝑠𝑠𝑠(𝜑𝜑) + 𝟎𝟎𝟎 𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝒃𝒃 + 1.94𝑆𝑆��                                                       

The 𝐵𝐵� Bowen ratio indicates the ratio between sensible heat flux and latent heat flux. For 
urban surfaces a typical value of 3 was used and well evaporating vegetation and water was set to 
0.4. The NDVI threshold of 0.16 determines if a model data point is designated as vegetation pixel 
with corresponding Bowen ratio (Table A5.2). 

B2. Urban air temperature 

𝑃𝑃𝑃𝑃𝑃𝑃��� = −13.26 + 𝟏𝟏𝟏 𝟏𝟏𝟏𝟏𝟏𝟏𝒂𝒂 + 0.011𝑄𝑄� − 3.37 𝑙𝑙𝑙𝑙(𝑢𝑢�.�) + 0.078𝑇𝑇� +
0.0055𝑄𝑄� 𝑙𝑙𝑙𝑙(𝑢𝑢�.�)  +5.56 𝑠𝑠𝑠𝑠𝑠𝑠(𝜑𝜑) − 0.0103𝑄𝑄� 𝑙𝑙𝑙𝑙(𝑢𝑢�.�) 𝑠𝑠𝑠𝑠𝑠𝑠(𝜑𝜑) + 0.546𝐵𝐵� + 1.94𝑆𝑆��  
𝑃𝑃𝑃𝑃𝑃𝑃����������� = −12.14 + 𝟏𝟏𝟏 𝟏𝟏𝟏𝟏𝟏𝟏𝒂𝒂 − 1.47 𝑙𝑙𝑙𝑙(𝑢𝑢�.�) + 0.060𝑇𝑇� + 0.015𝑆𝑆�� 𝑄𝑄� + 
0.0060�𝑆𝑆�� ��(𝑇𝑇� + 273.15)�                                                                                                               

The UHI magnitude is related to meteorological conditions and the density of the urban 
environment, e.g. the UHI is strongest under low wind speed and sunny conditions. The daily 
maximum UHI (UHImax) can be estimated by a diagnostic equation which includes geographical - 
(left) and meteorological factors (right) (Theeuwes et al., 2017): 

(A5.1) 

(A5.2) 
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𝑈𝑈𝑈𝑈𝑈𝑈��� = �� − 𝑆𝑆�� − ����� �𝑆𝑆↓ ∗ (𝑇𝑇��� −  𝑇𝑇���)�

𝑈𝑈
�

 

Herein SVF  and fveg are the spatially averaged sky-view factor, and vegetation fraction re-
spectively. The size of the source areas that should be averaged over can be found in Figure A5.1. 
The meteorological part of the equation consists of S ↓, mean downward shortwave radiation (in 
Kms-1) (kinematic units), Tmax – Tmin, the maximum and minimum temperature (K) representing 
the diurnal temperature range and U  the mean wind speed (ms-1), all measured at the rural reference 
station. The maximum UHI occurs about 4 hours after sunset (Oke, 1982; Unger et al., 2001). For 
the other hours, the UHImax is diminished by a correction factor that varies between -0.02 and 1 in 
the diurnal cycle (Equation A5.4, Table A5.3 and A5.4). The maximum and minimum temperature 
are determined in the period 8 UTC current day – 7 UTC (10 – 9 h local time) next day to obtain 
the cooling potential outside the city (Theeuwes et al., 2017). The mean wind speed was also de-
termined over this period. The mean downward shortwave radiation is determined over the current 
day. 

𝑇𝑇�[ℎ] = 𝑇𝑇���������� + 𝑈𝑈𝑈𝑈𝑈𝑈��� ∗ 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑�����[ℎ] 

The diurnal cycle is inspired by a characteristic curve of UHI by Oke (1982). This curve 
was defined for one particular day length. For other day lengths the curves were adjusted consid-
ering that the minimum UHI occurs about 4 hours after sunrise (Theeuwes et al., 2015). In the 
derivation of Equation A5.3, it was implicitly considered that the remaining fraction of fveg is built-
up area (Theeuwes et al., 2017). Apart from the morphological effects described by the SVF  this 
built-up area is on average warmer due to the larger partitioning of sensible heat flux compared to 
the latent heat flux and has a temporal shift due the heat storage. The presence of water surfaces 
complicates the application of this equation. On the one hand, they have a high heat capacity like 
built-up area (Steeneveld et al., 2014), but on the other hand do evaporate and have higher latent 
heat fluxes and consequently lower sensible heat fluxes averaged over the day. To enable the ap-
plicability of the straightforward equations, water surfaces are treated as built-up area at night, and 
as vegetation at daytime (Table A5.1 D1). 

The SVF  and fveg were averaged using a source area of 500 x 1100 m (Figure A5.1), which 
corresponds to the correlation of land use and urban temperature as found in Heusinkveld et al. 
(2014). The source area is oriented towards the wind direction. In case of low wind speeds (< 1.5 
ms-1) a square shaped source area of 700 x 700 m is used around the calculated grid cell. Since the 
vegetation fraction and sky-view factor was averaged over a large source area, the output resolution 
was set to 35 m to reduce computational costs. 

To assign the fveg two maps are created, one for daytime and one for nighttime, due to the 
special role of water surfaces. The vegetation fraction per grid resolution is determined using NDVI 
> 0.16 in the aerial photography. However, cropland might not be classified as vegetation fraction 
then, especially when it is bare at the time of data collection. Cropland, even if it is bare, will not 
store the amount of heat as built up area does. Therefore, cropland is assigned as vegetation frac-
tion in the computation of air temperature. This can be determined with bgt_begroeidterreindeel, 
in Table A5.1 D1. 

 

(A5.3) 

(A5.4) 
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Figure A5.1: Source area for which the average sky-view factor and vegetation fraction is calculated on a 
resolution of 25 m. 

For the SVF (either 1-m resolution for PET-equation as 25-m resolution for Ta), water 
surfaces and buildings need to be excluded. A SVF  cannot be identified for water bodies, which is 
a limitation of the underlying lidar technology (Worstell et al., 2014). Specific for determining the 
air temperature, the SVF  under trees and other vegetated surfaces (NDVI > 0.16 and bgt_be-
groeidterreindeel Table A5.1 D1) has been excluded (set as no data). The effect of reduced SVF  in 
an urban canyon (mainly consisting of impervious road and pavements) has a more enhanced UHI 
effect than the reduced SVF  in parks by trees, due to the storage difference between buildings and 
trees. By removing the SVF  from green surfaces a large part of this uncertainty has been removed. 
As an intermediate step the average is calculated for a 25-m grid size to reduce computational costs 
and it gives smoother results at city borders (which relates to the filtering out of large areas). Here 
applies, that if more than 90% has no data in the 25-m tile, the whole 25-m tile is set as no data. 
This is important because otherwise a few SVF points have an unrealistic weight in the total SVF  
calculation over the whole source area. 

Subsequently, the average SVF  is computed over the source area based on this 25-m grid 
SVF. If the remaining area for a location is 10% of the source area or less, a SVF  of 1 is assigned 
because this small part cannot be considered representative. If the area is more than 20% of the 
source area, the sky-view factor is straightforwardly determined by the average of the non-filtered 
points. If the area is between 10 and 20% of the source area, then the SVF  is linearized between 
SVF = 1 and the average SVF  for all non-filtered points. Finally, the SVF  at the 25-m grid is inter-
polated back to a 1-m grid. 
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B2.1 Look-up tables 

The corrections on the UHImax depend on the time of sunrise and sunset. 

Table A5.3: Sunrise and sunset times 

Period Sunrise / sunset (in hours UTC) 
1 April – 12 April 5/18 
13 April – 19 April 5/19 
20 April – 19 May 4/19 
20 May – 25 May 4/20 
26 May – 10 July 3/20 
11 July – 30 July 4/20 
31 July – 21 August 4/19 
22 August – 30 August 5/19 
31 August – 24 September 5/18 
25 September – 27 September 5/17 
28 September – 30 September 6/17 

 
Table A5.4: UHI-factors during the hours of the day (vertically) for different sunrise and sunset times 
(horizontally) (in hours UTC). 

Sunrise / sunset 6/17 5/17 5/18 5/19 4/19 4/20 3/20 
UTC 0 0.748 0.728 0.807 0.910 0.900 1.000 1.000 

1 0.667 0.640 0.704 0.780 0.757 0.888 0.866 
2 0.602 0.573 0.617 0.675 0.710 0.728 0.690 
3 0.525 0.490 0.533 0.590 0.543 0.609 0.560 
4 0.449 0.355 0.435 0.490 0.413 0.490 0.380 
5 0.281 0.150 0.227 0.320 0.150 0.256 0.107 
6 0.127 0.078 0.095 0.120 0.057 0.079 0.015 
7 0.063 0.025 0.032 0.040 0.000 0.007 -0.020 
8 0.019 -0.013 -0.009 -0.005 -0.020 -0.020 -0.007 
9 -0.015 -0.020 -0.020 -0.020 -0.005 -0.006 0.007 

10 -0.020 -0.001 -0.003 -0.004 0.013 0.010 0.029 
11 0.000 0.025 0.020 0.016 0.037 0.033 0.050 
12 0.030 0.056 0.048 0.042 0.063 0.056 0.074 
13 0.065 0.090 0.080 0.071 0.090 0.082 0.108 
14 0.117 0.165 0.136 0.111 0.150 0.128 0.161 
15 0.205 0.270 0.215 0.176 0.222 0.184 0.228 
16 0.335 0.413 0.325 0.270 0.318 0.270 0.312 
17 0.532 0.600 0.485 0.386 0.450 0.366 0.424 
18 0.747 0.803 0.662 0.546 0.600 0.506 0.556 
19 0.906 0.920 0.849 0.716 0.762 0.651 0.695 
20 0.975 0.978 0.932 0.877 0.890 0.803 0.838 
21 1.000 1.000 0.979 0.941 0.950 0.901 0.911 
22 0.931 0.925 1.000 0.981 0.982 0.958 0.964 
23 0.849 0.830 0.918 1.000 1.000 0.983 0.984 
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B3. Wet bulb temperature 

𝑃𝑃𝑃𝑃𝑃𝑃��� = −13.26 + 1.25𝑇𝑇� + 0.011𝑄𝑄� − 3.37 𝑙𝑙𝑙𝑙(𝑢𝑢�.�) + 𝟎𝟎𝟎 𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝒘𝒘 +
0.0055𝑄𝑄� 𝑙𝑙𝑙𝑙(𝑢𝑢�.�)  +5.56 𝑠𝑠𝑠𝑠𝑠𝑠(𝜑𝜑) − 0.0103𝑄𝑄� 𝑙𝑙𝑙𝑙(𝑢𝑢�.�) 𝑠𝑠𝑠𝑠𝑠𝑠(𝜑𝜑) + 0.546𝐵𝐵� + 1.94𝑆𝑆��   
𝑃𝑃𝑃𝑃𝑃𝑃����������� = −12.14 + 1.25𝑇𝑇� − 1.47 𝑙𝑙𝑙𝑙(𝑢𝑢�.�) + 𝟎𝟎𝟎 𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝒘𝒘 + 0.015𝑆𝑆�� 𝑄𝑄� + 
0.0060�𝑆𝑆�� ��(𝑇𝑇� + 273.15)�  
 

The wet-bulb temperature was calculated according to (Stull, 2011):  

𝑇𝑇� = 𝑇𝑇� 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎(0.151977(𝜙𝜙 𝜙 𝜙𝜙𝜙𝜙𝜙𝜙𝜙𝜙)�.�) + 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎(𝑇𝑇� + 𝜙𝜙) − 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎(𝜙𝜙 𝜙𝜙𝜙𝜙𝜙𝜙𝜙𝜙𝜙 ) +
0.00391838𝜙𝜙��

�� 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎(0.023101𝜙𝜙) − 4.686035      (A5.5) 
   

Herein Ta denotes the air temperature and 𝜙𝜙 denotes the relative humidity. The wet bulb 
temperature was computed once for the rural reference station and used everywhere including the 
city. The relatively small coefficients of Tw  in Equation A5.1 (6% compared to Ta), justifies this 
more practical approach, instead of calculating Tw  for every urban grid cell with urban temperature. 
Besides, the relative humidity is generally lower in urban areas (Landsberg et al., 1972; Hage, 1975), 
which counteracts the slight rise on wet-bulb temperatures due to higher urban temperatures.  

B4. Cast shadow map 

𝑃𝑃𝑃𝑃𝑃𝑃��� = −13.26 + 1.25𝑇𝑇� + 0.011𝑄𝑄� − 3.37 𝑙𝑙𝑙𝑙(𝑢𝑢�.�) + 0.078𝑇𝑇� +
0.0055𝑄𝑄� 𝑙𝑙𝑙𝑙(𝑢𝑢�.�)  +𝟓𝟓𝟓 𝟓𝟓𝟓𝟓 𝟓𝟓𝟓𝟓𝟓𝟓(𝝋𝝋) − 𝟎𝟎𝟎 𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝒔𝒔 𝒍𝒍𝒍𝒍(𝒖𝒖𝟏𝟏𝟏𝟏𝟏) 𝒔𝒔𝒔𝒔𝒔𝒔(𝝋𝝋) + 0.546𝐵𝐵� + 1.94𝑆𝑆��   
𝑃𝑃𝑃𝑃𝑃𝑃����������� = −12.14 + 1.25𝑇𝑇� − 1.47 𝑙𝑙𝑙𝑙(𝑢𝑢�.�) + 0.060𝑇𝑇� + 0.015𝑆𝑆�� 𝑄𝑄� + 
0.0060�𝑆𝑆�� ��(𝑇𝑇� + 273.15)�  
 

Exposure to direct sunshine is a prerequisite for high PET values. Sunlit locations can be 
determined by a cast shadow map. This cast shadow map can be created with the lidar based height 
map (AHN) and the UMEP GIS tool (Lindberg et al., 2018). This GIS tool can calculate cast 
shadows at all sun angles during the day and season. Unfortunately cast shadows cannot be deter-
mined at the surface under the tree crown. Therefore, the area below trees is designated as shadow 
if trees are higher than 2 m. This last prerequisite of 2 m is introduced to enable entering solar rays 
at the edge of the trees. In reality the foliage is partially transparent to solar radiation, so that PET 
values are slightly underestimated under trees. However, the priority is to distinguish the hot spots 
in the heat map which is never found under trees during daytime. 

B5. Wind speed 

𝑃𝑃𝑃𝑃𝑃𝑃��� = −13.26 + 1.25𝑇𝑇� + 0.011𝑄𝑄� − 𝟑𝟑𝟑𝟑𝟑𝟑𝟑𝟑𝟑𝟑𝟑  (𝒖𝒖𝟏𝟏𝟏𝟏𝟏) + 0.078𝑇𝑇� +
𝟎𝟎𝟎 𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝒔𝒔 𝒍𝒍𝒍𝒍(𝒖𝒖𝟏𝟏𝟏𝟏𝟏)  + 5.56 𝑠𝑠𝑠𝑠𝑠𝑠(𝜑𝜑) − 0.0103𝑄𝑄� 𝑙𝑙𝑙𝑙(𝑢𝑢�.�) 𝑠𝑠𝑠𝑠𝑠𝑠(𝜑𝜑) + 0.546𝐵𝐵� + 1.94𝑆𝑆��   
𝑃𝑃𝑃𝑃𝑃𝑃����������� = −12.14 + 1.25𝑇𝑇� − 𝟏𝟏𝟏 𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏 (𝒖𝒖𝟏𝟏𝟏𝟏𝟏) + 0.060𝑇𝑇� + 0.015𝑆𝑆�� 𝑄𝑄� + 
0.0060�𝑆𝑆�� ��(𝑇𝑇� + 273.15)�  

According to WMO guidelines reference weather stations were sited in an open terrain with 
a low surface roughness WMO (2014). The surface roughness is substantially higher at other loca-
tions in the heat map in the vicinity of buildings and trees which coincides with lower wind speeds. 
A translation of the wind speed was made from the open reference station to locations with a 
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higher surface roughness. First, we computed the mesowind at the blending height (60 m) from 
the wind and surface roughness of the weather station (z0 = 0.03 m) using a logarithmic wind 
profile in neutral conditions. This is the height where the wind flow is supposed to be homogene-
ous and thus independent of the surface roughness. According to field experiments performed by 
MacDonald (2000), the wind speed is translated to 1.2 m in the urban canopy. The wind profile in 
and near the urban canopy is more complex and non-logarithmic. The procedure is demonstrated 
in the following steps: 

1. Take a 1 ms-1 normalized wind speed at a height of 10 m as the starting point (u10) repre-
sentative for open terrain (including reference station) in order to create a wind reduction 
field. In the end (step 15), all calculated wind speeds in the wind reduction field can then 
be used as a multiplication factor for the real wind time series at 10 m. 

2. Translate wind to 60-m height. 

u60 = 1.3084 u10                                                                                                 (A5.6) 

3. Determine the average obstacle height for buildings and trees. The height of the buildings 
can be determined from the lidar based height map (object height - ground level). Note 
that we had to fill the raw object height data, because for water no heights can be deter-
mined for the lidar methodology. (a search distance of 100 m was sufficient for Wa-
geningen). The height of trees can be determined with the information from the tree reg-
ister. In case of unavailability it can be determined with a lidar based height map and own 
derived trees derived with NDVI. 

4. Project the building - and tree height separately on a 1-m grid as shown in Figure A5.3. 
Buildings with an average height below 2 m are excluded. (this is rare for Wageningen). 
Determine with the source areas (280 x 140 m) (Figure A5.2) the average obstacle heights 
of buildings and trees. For low wind speeds under 1.5 ms-1 a squared source area (175 x 
175 m) is used, for which the calculation point is centred.  

 

Figure A5.2: Source area for the calculation of frontal area density of building and tree heights which 
serves as input for wind speed computations. 
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Elevation (m) 

 
  

Figure A5.3: Elevation grid of buildings (left) and trees (right) for a neighbourhood in Wageningen relative 
to ground level. 

5. Determine tree and building average obstacle height H (weighted to surface area). 
6. Derive the frontal areas (perpendicular surfaces) towards the wind direction within the 

source area for trees and buildings separately. Determine the frontal area density for build-
ings and trees (total frontal area / source area). 

7. Determine the frontal area density λ (-) in the wind direction (total frontal area / source 
area) for trees and buildings with the equation below. Trees have a smaller frontal surface 
density because of the shape and porosity. 

𝜆𝜆��� = 0.6𝜆𝜆��������� + 0.3𝜆𝜆����� + 0.015                                                     (A.5.7) 

8. Calculate the weighted average height of trees and buildings, with 4 m as lower limit. 
9. With the calculated weighted average height and frontal surface density the variables d, zw, 

z0 and parameters A and B can be derived (see Table A5.5). 

Table A.5.5: According to MacDonald (2000): d is the zero-plane displacement, zw is the top of the rough-
ness layer, z0 is the roughness length and A and B are the parameters for interpolation of the wind profile. 

Array type 𝝀𝝀𝒄𝒄𝒄𝒄𝒄𝒄 d/H zw/H z0/H A/H B 
squared 0.05 

(< 0.08) 
0.066 2 0.048 -0.35 0.56 

,, 0.11 
(0.08 to 0.135) 

0.26 2.5 0.071 -0.35 0.50 

,, 0.16 
(0.135 to 0.18) 

0.32 2.7 0.084 -0.34 0.48 

,, 0.20 
(0.18 to 0.265) 

0.42 1.5 0.08 -0.56 0.66 

,, 0.33 
(=> 0.265) 

0.57 1.2 0.077 -0.85 0.92 

 

10. With sufficient frontal surface area 0.6𝜆𝜆��������� + 0.3𝜆𝜆����� > �� (��)
������� ���� (��)       (A5.8) 

11. Calculate 𝑢𝑢�� = 𝑢𝑢��
�������

�� �
�������

�� �
                                       (A5.9) 

12. Calculate 𝑢𝑢∗ = 0.4 ���
�������

�� �
                   (A5.10) 

13. Calculate 𝑢𝑢� = ��∗

� �� ������
���� � + 𝑢𝑢��                 (A5.11) 

14. Calculate 𝑢𝑢�.� = 𝑢𝑢� exp ��.6𝜆𝜆 ��.�
� � 1��              (A5.12) 

0 
25 
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With a smaller frontal surface area, the MacDonald method no longer applies, and the wind 
can be translated directly to 1.2 m based on the logarithmic wind profile above grass. 

𝑢𝑢�.� = 0.6350 𝑢𝑢��                                                                                                     (A5.13) 

15. Recall that the u1.2  is a wind reduction compared to a reference wind of 1 ms-1 at 10 m (u10). 
To obtain the urban wind speed at a specific time, the wind reduction is multiplied with 
the 10-m wind (FF10) of the reference station. The maximum wind reduction appeared to 
be too strong for Wageningen through verification. Therefore, the final urban wind speed 
has been scaled: 

              𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠�.� = 𝐹𝐹𝐹𝐹��((𝑢𝑢�.� − 0.0796)0.9175 + 0.1254)                                      (A5.14) 

The minimum u1.2 (wind reduction) observed was 0.0796 and the maximum wind reduction 
is 0.6350. After scaling the minimum wind reduction becomes 0.1254 while the maximum 
wind reduction remains 0.6350. The scaled u1.2 is used in the PET calculation in B7 and 
B8. 

16. The wind in the heat maps is calculated with a spatial interval of 35 m in north-south and 
west-east directions. This means the source areas are shifted in steps of 35 m accordingly. 

17. For the heat map area, a smooth wind field is created at 1-m resolution with cubic interpo-
lation. 

B6. Diffuse irradiation and solar elevation angle 

𝑃𝑃𝑃𝑃𝑃𝑃��� = −13.26 + 1.25𝑇𝑇� + 𝟎𝟎𝟎 𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝒔𝒔 − 3.37 𝑙𝑙𝑙𝑙(𝑢𝑢�.�) + 0.078𝑇𝑇� +
𝟎𝟎𝟎 𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝒔𝒔 𝒍𝒍𝒍𝒍(𝒖𝒖𝟏𝟏𝟏𝟏𝟏)  +5.56 𝑠𝑠𝑠𝑠𝑠𝑠(𝜑𝜑) − 𝟎𝟎𝟎 𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝒔𝒔 𝑙𝑙𝑙𝑙(𝑢𝑢�.�) 𝑠𝑠𝑠𝑠𝑠𝑠(𝜑𝜑) + 0.546𝐵𝐵� + 1.94𝑆𝑆��  
𝑃𝑃𝑃𝑃𝑃𝑃�����,����� = −12.14 + 1.25𝑇𝑇� − 1.47 𝑙𝑙𝑙𝑙(𝑢𝑢�.�) + 0.060𝑇𝑇� + 𝟎𝟎𝟎 𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝒗𝒗𝒗𝒗𝒗𝑸𝑸𝒅𝒅 + 
0.0060�𝑆𝑆�� ��(𝑇𝑇� + 273.15)�  

In the empirical PET equation (Equation A5.1) the solar irradiation (Qs) and the diffuse 
irradiation (Qd) are used. The diffuse irradiation (Qd) is calculated from the solar irradiation (Qs) as 
measured at the KNMI rural weather station, with a solar elevation angle (ϕ) that depends on the 
time of the day and the date. 

��
��

= �
1, 𝜏𝜏� < 0.3,

1.6 − 2𝜏𝜏�, 0.3 < 𝜏𝜏� < 0.7,
0.2, 𝜏𝜏� > 0.7.

                           (A5.15) 

herein the atmospheric transmissivity (τa) is estimated as (de Rooy & Holtslag, 1998): 

𝜏𝜏� = ��
���� ���(�)             (A5.16) 

The solar irradiation from the KNMI station is a sum of the past hour. To estimate the 
amount of radiation for the entire hour, the radiation for the coming hour and the past hour is 
averaged. 

The solar elevation angle is retrieved from the nearby weather station Veenkampen. We 
recognize that the majority of WMO stations does not provide solar elevation angles when calcu-
lating a heat map for another city. In that case it is recommended to calculate the solar elevation 
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angle on an hourly basis. Python packages as pysolar or the equations in Allen et al. (1998) can be 
used to determine the solar elevation angle. 

B7. Calculate PETsun 

𝑷𝑷𝑷𝑷𝑷𝑷𝒔𝒔𝒔𝒔𝒔𝒔 = −13.26 + 1.25𝑇𝑇� + 0.011𝑄𝑄� − 3.37 𝑙𝑙𝑙𝑙(𝑢𝑢�.�) + 0.078𝑇𝑇� +
0.0055𝑄𝑄� 𝑙𝑙𝑙𝑙(𝑢𝑢�.�)  +5.56 𝑠𝑠𝑠𝑠𝑠𝑠(𝜑𝜑) − 0.0103𝑄𝑄� 𝑙𝑙𝑙𝑙(𝑢𝑢�.�) 𝑠𝑠𝑠𝑠𝑠𝑠(𝜑𝜑) + 0.546𝐵𝐵� + 1.94𝑆𝑆��  
B8. Calculate PETshade and night 

𝑷𝑷𝑷𝑷𝑷𝑷𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔 = −12.14 + 1.25𝑇𝑇� − 1.47 𝑙𝑙𝑙𝑙(𝑢𝑢�.�) + 0.060𝑇𝑇� + 0.015𝑆𝑆�� 𝑄𝑄� + 
0.0060�𝑆𝑆�� ��(𝑇𝑇� + 273.15)�  

B9. Climate scenarios 

Table A5.6: Transformation table WH scenario from current climate to future climate in 2050 (KNMI, 
2015). The percentage change for solar irradiation and RH are in absolute percentage points. 

 
Temperature (°C)  
percentiles     (°C) % % 

 1 5 50 95 99 DTR solar irradiation RH 
April 3.2 2.5 2 1.7 1.9 -0.44 -2.8 0.2 
May 2.3 2.1 1.7 1.8 2 -0.48 -0.6 -0.3 
June 2 1.9 2 2.5 2.7 -0.09 4 -1.5 
July 1.9 2 2.2 3 3.3 0.13 6.6 -2.5 
August 2.2 2.1 2.3 3.1 3.5 0.21 7.1 -2.7 
September 2.6 2.3 2.1 2.6 2.9 -0.03 3.1 -1.7 

 
A future temperature series is transformed as follows (KNMI, 2015): The scenarios provide 

monthly temperature increments for daily percentiles. These increments were relative to the climate 
period of 1981–2010. There is already a climate signal in the time series (2002–2016) compared to 
this climate period, and this bias was subtracted from the results. Using the procedure of Molenaar 
et al. (2016), these increments were interpolated for all of the days in a month. In this study, the 
transformation was performed on hourly values (likewise as in Chapter 4), because the time frame 
in which minimum temperatures were determined differs from the standard, i.e. from 8 UTC cur-
rent day – 7 UTC (10 – 9 h local time) the next day. The corresponding transformation equations 
are Equation 4.3 and 4.4 in Chapter 4. 

In the transformation of solar irradiation, the 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 indicates the 95th percentiles 
 Qs/Angot(h) for every hour. In the morning and evening the values are smaller than at noon, 
which is due to the different length of sun ray paths in the atmosphere. 

𝑄𝑄�(ℎ) = 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝(ℎ) ∗ 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴(ℎ) 
𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝   𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝,0.903,0.946,0.975,0.992,1.002,1.001,0.991,0.979, 
                      0.956,0.923,0.881,0.897,0.984,1,1,1,1]  
𝑄𝑄�(ℎ) = Angot radiation corrected for 95th percentile of observed hourly Qs.  
𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴(ℎ) = maximum hourly Qs  based on 0.75 * radiation at top of the atmosphere. 

𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝(ℎ) = 95 percentile of Qs/Angot(h) for every hour 

(A5.17) 
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Lastly, the relative humidity has been straightforwardly transformed by applying the 
monthly numerical values (Table A5.6) (KNMI, 2015). 

B10. List of symbols 

Symbol Description Unit 
A Parameter for interpolation wind profile - 
B Parameter for interpolation wind profile - 
Bb Bowen ratio (sensible heat flux / latent 

heat flux) 
- 

d Zero-plane displacement m 
FF10 10-m wind at reference station ms-1 
fveg Vegetation fraction - 
ϕ Solar elevation angle ° 
λbuildings Frontal area density for buildings - 
λtot Frontal area - 
λtrees Frontal area density for trees - 
H Building height m 
I Infrared value of aerial photo (RGBI) - 
PET Physiological Equivalent Temperature °C 
𝜙𝜙 Relative humidity at reference station % 
Qd Diffuse irradiation (shortwave) Wm-2 
Qs Solar irradiation at reference station Wm-2 
R Red value of aerial photo (RGBI) - 
σ Stefan Boltzmann constant Wm-2K-4 
𝑆𝑆↓ Daily average solar irradiation (in kine-

matic units) 
Kms-1 

SVF Sky-view factor - 
τa Transmissivity - 
Ta Air temperature °C 
Tgem Daily average air temperature °C 
Tmax Daily average maximum temperature °C 
Tmin Daily average minimum temperature °C 
Trefstation Air temperature at reference station °C 
Tw Wet-bulb temperature °C 
U Daily average wind speed at reference sta-

tion 
ms-1 

u1.2 
 

Wind reduction at 1.2 m relative to u10 =  
1 ms-1 

ms-1 

u10 Reference normalized wind of 1 ms-1 rep-
resentative for open terrain 

ms-1 

u60 Wind at 60-m height (relative to u10 =  
1 ms-1), mesowind 

ms-1 

UHI Urban Heat Island °C 
UHImax Daily maximum urban heat island °C 
u* Friction velocity ms-1 
uH Wind speed at roof height ms-1 
z0 (Surface) Roughness length m 
zw Top of the roughness layer m 
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Chapter 6 

Perspectives 

The previous chapters of the thesis have dealt with the research questions as formulated in Chapter 
1. The previous chapters also discussed some aspects where research methods could be improved, 
or applications could be scaled up in space and time. This chapter presents a number of possible 
future research lines that can build upon the thesis research. These comprises the upscaling of the 
data assimilation approach in Chapter 3 to a 15-year urban reanalysis product, an extended estimate 
of the impact of urbanization on the temperature record in De Bilt from Chapter 2, and an illus-
tration of high resolution urban weather modelling for city planning and climate adaptation inter-
ventions in the city of Breda (the Netherlands).    
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6.1 First results of a 15-year reanalysis for Amsterdam 

In Chapter 3, a modelling and data assimilation approach for the city of Amsterdam was introduced 
for the summer of 2014. Here we discuss the results of a 15-year reanalysis dataset for Amsterdam. 
This product has been developed using the same set-up but then extended for a continuous series 
for the years 2002-2016. Herein the WRF model was run with two hourly cycles of data assimilation 
including the assimilation of urban weather stations and output is stored at a resolution of 167 m. 
As such this approach develops a product with the best estimated state of the atmosphere over the 
city for 15 years. Exploration of this dataset offers the opportunity to allow for answering research 
questions that was not possible before since due to lack of coherent city-covering data.  

Here we show the modelled UHI intensity over all months to document and explore the 
seasonal dependence of the UHI climatology, both for the 2-m temperature (UHIT2m) and the sur-
face skin temperature (UHITSK). Earlier a study by (Zhou et al., 2013) observed hysteresis-like be-
haviour when monthly averaged UHI were plotted against the monthly mean rural temperatures 
for cities across Europe. Subsequently, we analyse whether this hysteresis-like behaviour is also 
present within our reanalysis dataset for the 2002-2016 period. Indeed, a hysteresis-like clockwise 
curve was found for the annual cycle of UHIT2m, UHITSK  and for daily maxima (Figure 6.1 a-b). This 
hysteresis effect is most prominent for UHITSK  (Figure 6.1b), and is clearly separated by the standard 
error for all months on both sides of the curve. The found hysteresis-like curve does have similar-
ities with the observed surface skin temperature curves for different European cities (Zhou et al., 
2013). A plausible explanation for the hysteresis-shaped curve is the correlation with global radia-
tion for both UHIT2m and UHITSK. Global radiation peaks around solstice in June, while the peak in 
average temperatures appear more than a month later. However, remarkably June shows lower 
UHI than May and July. In addition, September has a second peak in UH for which no clear ex-
planation could be found yet. 

The monthly means of the daytime UHI (12 UTC), on the other hand, are much lower 
than for the diurnal maximum UHIs (Figure 6.11 c-d). For the 2-m temperature (Figure 6.1c) hardly 
any UHI is perceived, and for TSK, UHI is about 40% of maximum UHI. Especially the spring 
season displays a relatively low daytime UHI, and no clear hysteresis curve is obtained. Zhou et al. 
(2013), in contrast, found daytime UHI hysteresis-like curves for observed surface skin temperature 
at daytime based on satellite data for different European cities. In accordance to our findings, a 
modelling and observational study for London found less clear hysteresis curves, with winter and 
summer UHI intensities much less far apart to each other for London (Zhou et al., 2016). As a 
comparison with observations of nearby city Rotterdam, a clearer hysteresis-like UHI curve is 
found based on 4-year midnight UHI values for 2-m temperature (Droste et al., 2015). 

The shapes of the hysteresis-like curves may differ between cities with a relatively dry sum-
mer season and cities with high water availability in summer (Manoli et al., 2020), based on a coarse-
grained model of surface skin UHI coupled with a water balance model. With a high water availa-
bility for evapotranspiration the rural background remains cooler and UHI peaks in phase with 
maximum solar radiation. For cities with a dry summer season, the UHI is much lower and peaks 
earlier in spring, and the UHI can even be negative in summer and autumn due to the oasis effect 
of urban irrigation. The hysteresis-like cycle can also be determined for long-term temperature 
trends for stations facing urbanization with the largest trend around June (Chrysanthou et al., 2014). 
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Figure 6.1: Seasonal characteristics of the modelled UHI of Amsterdam (all urban cells domain 3 minus 
rural reference) based on 15 years of model reanalysis data. The rural reference consists of the average 
temperature from the rural grid cells at least 1 grid cell separated from urban and water grid cells. (a-b) 
denote the monthly averages of daily maximum UHI for 2-m air temperature and surface skin temperature 
respectively. (c-d) denote monthly averages of the UHI at 12 UTC for 2-m air temperature and surface skin 
temperature. The bars of the mean monthly UHIs indicate the standard error and the letters indicate the 
first character of the months (January–December). The colours and shapes of the monthly averaged UHI’s 
on the curve matches the points representing the individual months in the period 2002-2016. 

The urban climate of the 15-year reanalysis can also be largely described by isothermal plots 
showing the diurnal cycle and seasonal variation (Figure 6.2). Here model results at the location of 
three weather stations in the Amsterdam Atmospheric Monitoring Supersite (Ronda et al., 2017) 
are displayed in order from high density to low density (a, b and c). Clearly the sunrise and sunset 
can be observed by the sharp transition of the relatively high UHI in the night and diminished UHI 
at daytime throughout the seasons. The mid-rise district (b) has the strongest UHI, even slightly 
higher than the high-rise district (a). In general, the daily maximum UHIs are modelled in the hour 
after sunset, which is a few hours earlier than adopted from (Oke, 1982). Maximum UHI amounts 
2.4 °C for the mid-rise district, 2.3 °C for the high-rise district and 2.0 °C for the low-rise district. 
This may be partly explained by the fact that this station is located in the central part of Amsterdam, 
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and thus winds from urban areas in all wind directions. The green fractions of this mid-rise site 
and high-rise site are comparable.  

In the morning a clear minimum UHI is simulated in the summer months, which is even 
slightly negative for the high-rise and low-rise cases (-0.2 °C). These so called urban cool islands 
are studied by Bohnenstengel et al. (2011), Theeuwes et al. (2015), Yang et al. (2017), and arise due 
to higher rural surface heating rates induced by urban–rural boundary-layer height differences 
around sunrise and differences in the storage flux. In addition, urban cool islands appear when 
urban surfaces are substantially more shaded for high aspect ratios (Johansson, 2006). In the winter 
this phenomenon is not visible in the model, since the global radiation forcing is smaller and an-
thropogenic heat is more significant. Diurnal anthropogenic heat cycles may cause enhanced warm-
ing around the rush hours. This seems especially visible in the morning for the three stations. In 
the morning the heat is spread over a relatively shallow stable boundary layer. The negative UHI 
in the winter months in the night cannot be logically explained. For final conclusions about urban 
temperatures, more in-depth research is needed, to relate surface fluxes to simulated urban tem-
peratures. 
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Figure 6.2: Isothermic plot of the 15-year climatology UHI based on 2-m temperatures for 2002-2016 
showing daily and seasonal variation for three stations in Amsterdam (left). a) is high-rise district, b) 
compact mid-rise, and c) compact low-rise. This correspond with the local climate zones (LCZ) 1, 2 and 3 
respectively, as defined by (Stewart & Oke, 2012). The rural reference consists of the average temperature 
from the rural grid cells at least 1 grid cell separated from urban and water grid cells. Right: location and 
surrounding is displayed by satellite images from LANDSAT provided by Google Earth®. 

a 

b 

c 
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6.2 Urbanization effects on the surrounding 

Chapter 2 revealed the influence the urbanization of Utrecht on the temperature record of the main 
Dutch weather station De Bilt. In this section, we update the analysis of urban heat advection for 
this weather station using recent rural reference observations of Herwijnen and Cabauw in the time 
frame between 1991 and 2020. 

In Chapter 2 we found that the air temperature recorded in De Bilt was significantly higher 
for cases with wind directions from the nearby city Utrecht, compared to nearby rural weather 
station Herwijnen (Figure 2.9 in Chapter 2). As an alternative to this previous observational analy-
sis, the influence of the urbanization can be visualised with a temperature difference isopleth in 
Figure 6.3a by distinguishing seasonal effects (per month) and diurnal cycle. This is similar to the 
isopleth for the urban stations in Amsterdam in the previous section (6.1), with the difference that 
De Bilt weather station is located outside the city. In addition, we selected wind directions coming 
from Utrecht (210° until 290°) as observed in De Bilt. As such the temperature difference is directly 
related to urban heat advection and is referred as UITE (Urban Induced Temperature Effect). In 
the summer half year a clear diurnal maximum in UITE can be distinguished in the evening ranging 
from 0.9 °C in June and September to 1.3 °C in April. Around solar noon, temperature differences 
disappear. The time of the minimum UITE is around 4 hours later than typically can be expected 
as minimum UHI for urban stations (Oke, 1982). Though, differences in diurnal cycles of UITE 
might be partially explained by the fact that Herwijnen (WMO: 06356) is located 12 km more inland 
than De Bilt and has a little less marine influences and as such a larger diurnal amplitude in air 
temperature can be explained.  

As alternative to Herwijnen, another station that can be used as a reference is Cabauw 
(WMO:06348), which is also located in an open rural area on clay soil (25 km southwest of De Bilt) 
and is located 8 km closer to the sea. The UITE is also here clearly visible in nighttime (Figure 
6.3b). However, at daytime De Bilt remains warmer, especially during the summer months. A sea-
sonal shift is observed, as the temperature difference between De Bilt and Cabauw is larger in 
spring than early autumn (September and October). The surface roughness of the surrounding of 
De Bilt is lower due to urbanization and nearby forest on a moraine. The accompanied reduced 
wind speeds might “block” maritime influences to a small degree. Furthermore, urban heat islands 
are expected to be small in autumn, since the global radiation is relatively low and anthropogenic 
heat is yet relatively unimportant. November and December show higher UITE throughout the 
day, which might be largely explained by higher anthropogenic heat consumption compared to 
September/October (see model estimates in Chapter 2 Table 2.3). 

Urban environments can modify the wind field at regional scale, and sometimes create their 
own circulation (Lemonsu & Masson, 2002; Hidalgo et al., 2008). A clear urban breeze, defined as 
convergence together with even opposing wind directions, as demonstrated in Hidalgo et al. (2008) 
is not reproduced in the simulations and unlikely to occur. However, the WRF simulations of the 
various weather regimes (Grosswetterlagen) described in Chapter 2 show remarkable changes in 
wind directions between the years 2000 and 1900. The frequency of winds originating from the city 
centre of Utrecht have been reduced and have been enhanced just outside the borders of the city. 
The wind tends to avoid the relatively rough city surfaces at the city border, and is deflected around 
the city. Altering wind flows by urban land use has been also found in WRF simulations for Bir-
mingham and London (Bohnenstengel et al., 2011; Bassett et al., 2017). Concerning the model 
study of urban heat advection in Chapter 2, a side note should be given that the model grid reso-
lution of 500 m is relatively coarse to obtain robust and realistic wind directions. In addition, the 
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observed wind roses for De Bilt and reference stations Herwijnen and Cabauw does not show 
differences in wind directions through time or any signs of wind deflection around Utrecht that 
can be explained by the relatively rough city surface. 

 
Figure 6.3: Isothermic plots of climatological temperature differences (period 1991–2020) showing 
seasonal and diurnal variations, between weather station De Bilt (WMO: 06280) and rural reference stations 
Herwijnen (WMO: 06356) (a), and Cabauw (WMO: 06348) (b). Winds originating from Utrecht are selected 
at weather station De Bilt.  

Other model studies as by Heaviside et al. (2015) report 2.5 °C higher air temperatures 
downwind compared to upwind urban areas for Birmingham. This is largely explained by urban 
heat advection and less by local geographical effects. In that study likewise a mesoscale WRF sim-
ulation was performed. Urban heat advection was determined with a decomposition method where 
simulated temperatures were split in a local temperature and advection part. Bassett et al. (2016) 
used this decomposition method to separate the UHI advection term for observation sites in and 
around Birmingham. Maximum urban heat advection was found to be 1.2 °C in clear summer 
nights with moderate winds (2–3 ms-1). This corresponds with a found peak urban heat advection 
for De Bilt at moderate wind speeds (2.2–3.9 ms-1), in the study of Brandsma et al. (2013). In this 
study, observations of De Bilt were compared to observations from the former nearby station 
Soesterberg (WMO:6265) during the period (1993-2000). Station Soesterberg has been closed in 
2008. In Figure 6.4, maximum UHI has been recalculated for De Bilt versus Herwijnen in the 
period (1991–2020), split into summer and winter half year and day and night. In all panels the 
maximum UHI is found at the 2 ms-1 class. In winter, the optimum tends to be closer to 3 ms-1 
compared to the summer, and UHIs are relatively high above 3 ms-1 compared to summer condi-
tions. A plausible explanation for the higher optimum in winter is the shallower (and more often 
stable) boundary layer. Urban heat is therefore mixed away less effectively with increasing wind. 
On the other hand, low wind speeds (1 ms-1) transport less urban heat as the urban heat has more 
time to be mixed with the overlying atmosphere. At night, the UHI advection is smaller at low 
wind speeds because of more expected frequent formations of so-called urban plume present above 
a stable nocturnal rural boundary layer (Oke, 1982; Cosgrove & Berkelhammer, 2018). This has 
been found in temperature profile observations using helicopters (Clarke, 1969). So, this means the 
largest portion of urban heat is missed at screen level in clear nights and strong surface cooling, as 
mixing is suppressed in the stable nocturnal boundary layer. Furthermore, at low wind speeds the 

a b 
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footprint of surface fluxes is smaller, analytically derived by Schuepp et al. (1990) and simulated by 
Bassett et al. (2016). This implies that for weather station De Bilt surface characteristics of the rural 
area just next to this weather station is of more importance than at a further distance for the ob-
served temperature. Finally, the diurnal differences in maximum UHI between summer and winter 
in Figure 6.4 can be explained by stronger nocturnal UHI in summer due to more stored heat by 
larger radiation inputs, and more constant anthropogenic heat forcings in winter.  

   

   

Figure 6.4: UITE based on hourly temperature difference of WMO station De Bilt (6240) and WMO 
station Herwijnen (6356) in the period 1991–2020. The dashed lines indicate the standard error. Top panels: 
summer half year, bottom panels: winter half year, left panels: night, right panels: day. The wind speed 
groups are based on wind measurements of De Bilt. Hours where the wind speed at Herwijnen deviates 2 
ms-1 or more are discarded. 

6.3 Refined urban heat modelling 

This section discusses a range of contrasting modelling techniques and evaluates their role and 
performance in urban meteorology studies. Herein we distinguish between GIS-based approaches 
as in Chapter 4–5, microscale simulations with a RANS model like ENVI-met (Bruse & Fleer, 
1998) and simulations of the urban environment using numerical weather prediction models. These 
contrasting modelling approaches serve different purposes. The GIS-based approach serves con-
sultancies with limited computing effort, preserves a relatively high spatial urban detail in combi-
nation with a large model domain size based on empirical relations. With the RANS (Reynolds 
Averaged Navier-Stokes) approach more spatiotemporal urban details can be simulated with phys-
ical modelling at the expense of high computational costs. Finally, compared to the RANS ap-
proach, NWP models can model longer periods for larger model domains and includes the larger 
synoptical scale. Although they have a courser resolution, they are designed to simulate sophisti-
cated estimates of the urban surface energy balance and urban weather/climate (e.g. WRF). 
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Wind in urban areas is a challenge to simulate across all scales, i.e. from the scale where 
turbulence is largely resolved (~1 m) to the mesoscale used in more practical studies, in which 
weather for relatively large cities is simulated for longer periods. In addition, it is interesting to look 
closely at comparisons between PET (Physiological Equivalent Temperature) on these small scales 
and the empirical GIS-modelling approach in Chapter 5. To demonstrate the differences between 
these approaches, we focus on the urban centre of Breda, the Netherlands (Figure 6.5). Here an 
applied study has been conducted with the ENVI-met microscale model to invest in cool adapta-
tion measurements in the city centre along a restructured river. ENVI-met is a RANS model and 
is able to simulate complex wind flows around buildings and trees on a grid spacing down to 1 m. 
Furthermore, it can simulate radiation and energy budgets in the complex urban canopy (reflection 
and emission buildings and trees). The wind, humidity and the radiation effects on the human body 
can be translated in an accurate thermal comfort index PET. Figure 6.5 depicts a comparison of 
the PET urban heat map according to the recipe in Chapter 5 and the ENVI-met simulation for 
Breda again for the relatively warm day of 1 July 2015. Figure 6.5a displays an average PET from 
12 to 18 h local time (LT), and Figure 6.5b shows the result of an ENVI-met simulation for 14 h 
LT. As a consequence, the peak values of PET as simulated with ENVI-met are somewhat higher 
at 14 h LT than in the GIS-based PET map. Also, afternoon averages have more smoothened 
transitions of PET between sunlit and partly shadowed areas. The ENVI-met method shows clearly 
a higher spatial variability in PET due to advanced variation in wind speed at relatively short dis-
tances. Local wind shadows cannot be reproduced in the PET heat map, which leads to PET max-
ima exceeding 55 °C. While the ENVI-met model solves the RANS equations and wind for indi-
vidual grid cells, the GIS-based PET heat map uses a wind speed estimate derived from the frontal 
area densities of buildings and trees over a larger source area (280 x 140 m or 175 x 175 m). Another 
difference is that the GIS-based heat map uses minimum thresholds for wind speed (i.e. 0.5 ms-1). 
However, we find a high correlation in PET between both methods for the vast area along the 
river including sun/shadow differences. 

Looking at the model results, we find a strong cooling of 0.5 -1.3 °C for the 2-m tempera-
ture and ~10 °C PET in the shade of trees in the ENVI-met simulation of Breda, as compared to 
adjacent sunlit places. This is explained by the absence of direct sun radiation and evapotranspira-
tion. The modelled air temperature reduction fits in the lower ends of the observational study (0.7–
5.7 °C) (Jiao et al., 2017). Also, an ENVI-met study for Montreal shows some larger tree cooling 
effects than in our study, ~2 °C, which may be partially explained by a larger intervention area 
where the trees are introduced (Wang & Akbari, 2016). The modelled reduction in PET in ENVI-
met corresponds well with the conclusions from a high-resolution modelling study that used the 
PALM-4U LES model (Geletič et al., 2021). They used a similar thermal comfort index UTCI 
instead. Differences between LES-models as PALM-4U, and RANS models as ENVI-met is the 
parameterization of small grid turbulence of RANS and resolved turbulence for LES. Geletic et al. 
(2021) shows stronger vortexes arise when walls are heated on one-side of the road. (Gromke et 
al., 2008) discovered that a RANS model tends to have weaker vortices than wind tunnel experi-
ments in the canyon. This is caused by a too small vertical momentum exchange between the flow 
above the roofs and the canyon which is related to poorer TKE parameterization of RANS models. 
Thus, local winds show especially better performance in LES in situations where ground or wall 
heating is relatively important via the buoyancy flux term in the TKE (Xie et al., 2005; Tominaga 
& Stathopoulos, 2011). 
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Figure 6.5: a) Comparison between GIS-modelling approach heat map and b) ENVI-met simulation of 
Breda (the Netherlands) for the heat wave day 1 July 2015. Heat map (top) shows afternoon average 12 h 
LT – 18 h LT and ENVI-met simulation (down) 16 h LT. The numbers on the left indicate the spatial scale 
of the model simulation (1-m resolution). 

The larger scale NWP models with grid spacings of >100 m cannot represent individual 
buildings or trees, and urban geographical parameterizations are still necessary. The possibilities to 
vary urban morphological properties per grid cell has been increased in the last decades for the 
popular research model WRF. By default, WRF offers three urban categories in its most basic 
urban canopy model (SLUCM), e.g. low density residential, high density residential, and indus-
trial/commercial (Chen et al., 2011). Each category can have their typical urban canopy parameters 

a 

b 
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as street width, anthropogenic heat etc. In WUDAPT (World Urban Database And Portal Tool), 
an initiative to map cities in an urban database (Ching et al., 2018), this has been extended to include 
10 Local Climate Zone (LCZ) classes in WRF (Stewart & Oke, 2012), and this shows an improved 
representation of urban climate variability between neighbourhoods (Brousse et al., 2016).  

The latest development to represent urban morphology per grid cell in NWP models like 
WRF, is the geomorphological approach introduced in NUDAPT (Ching et al., 2009). Herein, 
urban canopy parameters as building height, frontal area density, plan area fraction etc. derived 
from individual buildings can be calculated per grid cell, rather than that these are constant per 
urban class. This results in a larger variety of roughness lengths and displacement heights (Burian 
et al., 2002), which affects the wind and energy fluxes in the urban area. In a comparative study for 
Xi’an (China) the NUDAPT approach performed better for dense urban areas and areas with com-
plex and mixed morphology compared to the default three urban categories (Zhang et al., 2020). 
For Houston, model results for the majority of the studied weather stations showed better perfor-
mance with the NUDAPT approach compared to the three urban categories (Salamanca et al., 
2011).  

The sensitivity of the urban morphology becomes larger when a building energy model is 
coupled to the urban canopy model, as has been done for BEP+BEM model infrastructure. This 
energy model BEP+BEM (Martilli et al., 2002; Salamanca et al., 2009), allows for a grid specific 
anthropogenic heat computation, which strongly depends on the urban morphology (Salamanca et 
al., 2011). Another major advancement of BEP+BEM is that the sink of momentum is spread up 
to the buildings instead of being limited to the ground (Martilli et al., 2002). Wind speed and direc-
tions were relatively well simulated compared to a reference WRF configuration (de la Paz et al., 
2016). A promising development in urban canopy modelling is BEP-tree (Krayenhoff et al., 2020). 
This method enables to include trees in the urban canopy and resolves the mutual energy fluxes 
between trees and canopy.  

In general, trees ameliorate heat stress in dense urban environments by providing shadow 
and lowers air temperatures by evapotranspiration (Akbari et al., 2001). However, the disadvantage 
of using trees in climate adaptation is that too many trees can block the wind in the canyon, and 
the distribution and species matter (Zhang et al., 2018). 3D numerical simulations with a microscale 
RANS model reveal that the wind reduction of trees extends above the street canyon in open 
spaces and winds are redirected to tree-free streets (Salim et al., 2015). Per m2 unit of frontal area 
trees are not as effective in reducing the wind speed than non-porous objects as buildings. Wind 
tunnel experiments show that the effective drag coefficient accounting for porousness, the retard-
ing force slowing down air, is typically 50–90% for different foliated tree species compared of that 
of a building at 3-4 ms-1 wind speed. This denotes the higher coefficients for dense coniferous 
species (Rudnecki et al., 2004; Vollsinger et al., 2005). Higher wind speeds decrease the effective 
(static) drag coefficient, because the frontal area decreases due to the bending of the foliage along 
the wind. By accounting for the different drag coefficients, the tree species in the wind calculation 
in the heat map receipt can be improved, i.e. via a weighted tree coefficient in Chapter 5 in Equation 
5.6. Thus, for a good thermal comfort on hot days, blocking of the wind by trees should be avoided. 
However, the cooling effect of trees to the surroundings increases if trees are placed in streets 
which serve as ventilation paths (Tan et al., 2016). Future research should focus on the assessments 
of trees in a 3D urban environment modelling for wind speed reduction for different street and 
tree configurations. 
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Chapter 7 

Summary  

The overarching goal of this thesis is to develop methods and models to create better insights in 
urban weather and climate. The approaches are diverse, ranging from data assimilation of 
crowdsourced urban weather observations to adjust a complex numerical weather prediction model 
for the urban environment, to a more scalable practical application of statistical urban morpholog-
ical and meteorological relations in detailed urban heat maps. The specific goals are twofold: Firstly, 
to offer a realistic representation of the weather for different urban districts and their near sur-
roundings, for both the current and the future climate. Secondly, to better understand the involved 
physical processes and to interpret the remaining uncertainties in modelling urban weather and 
climate.
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7.1 Effects of urbanization on a homogenized temperature record  

In monitoring climate change long historical records of weather stations are essential. Changes in 
land-use in their surroundings through time can affect the observed climatological trend. Urbani-
zation around weather stations is a world-wide phenomenon. Chapter 2 focused on research ques-
tion 1:  

Research question 1: What is the influence of urbanization on the climate record of a nearby 
rural weather station?  

Using the Weather Research and Forecasting (WRF) mesoscale model, we estimate the impact of 
urbanization on the 2-m temperature record of WMO station De Bilt (the Netherlands). This sta-
tion has a long historical record, but the nearby city of Utrecht and its suburbs expanded during 
the 20th century. We find this urbanization during the 20th century has resulted in a 100-year tem-
perature trend of 0.22 ± 0.06 K. This is about 20% of the observed 20th century climate trend at 
WMO station De Bilt. This has been done by comparing WRF mesoscale model simulations for 
the land-use conditions for the years 1900 and 2000. Episodes of 14 different weather regimes were 
run to cover a 97% climatology taking account their frequency distribution. In addition, we find 
that the temperature trend is quite insensitive to the selected boundary-layer scheme in the model.  

7.2 Fine-scale urban data assimilation and weather reanalysis for  
Amsterdam 

As a succession of the urbanization effects on the rural surroundings in Chapter 2, Chapter 3 fo-
cuses on an improved urban climate model representation for a large city with Amsterdam as a test 
case. This led to the following research question:  

Research question 2: How can we develop modelling techniques to best create and vali-
date an urban reanalysis dataset?  

In the urban reanalysis for Amsterdam various observations and model fields are combined 
to produce a complete and coherent collection of consistent meteorological gridded data. This is 
achieved through data assimilation, which computes an intermediate atmospheric state based on 
the weighted uncertainties of model and observations. Here we utilize the WRF mesoscale model 
with 3D variational data assimilation for July 2014 as a testbed. The data assimilation module is 
fed with volume radar data and WMO routine weather station data. The assimilation of surface 
pressure and air temperature of these WMO stations strongly improves the rural background me-
teorology, which is an important boundary condition for urban areas. The assimilation of volume 
radar data marginally improves the spatial representation and average biases over the whole Neth-
erlands domain. 

The novel part of our approach is the nudging of temperatures of personal weather station 
data in the city, also known as crowdsourced observations, and this was not included in 
WRFDA so far. To assimilate effectively urban temperatures a statistical scheme was developed 
to discard unreliable crowdsourced data, and a statistical fit was created based on genuine personal 
weather station observation-model differences and explanatory weather variables. For urban areas 
WRF provides a surface scheme, which calculates the typical energy and radiation fluxes in the ur-
ban canopy. Heat storage in the urban fabric is a major contribution to the Urban Heat Island 
(UHI) effect. Therefore, to effectively nudge urban model temperatures with personal weather sta-
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tion data, we adjust the urban fabric, which includes walls and roads. A model evaluation with in-
dependent urban observations reveals this urban nudging technique reduces the temperature bi-
ases, especially the cold bias seen at night.  

7.3 Urban planning strategies on heat stress for current and future  
climates   

In the Netherlands, there is an urgent need for additional housing, i.e. 1 million houses must be 
built before 2040. A large part of this assignment has to be realized within the existing city borders. 
The densification of urban areas is expected to raise the UHI and the heat stress load. Therefore, 
the following research question was studied in Chapter 4:  

Research question 3: What is the best approach to densify an urban environment with least 
effects on urban heat?  

High nocturnal temperatures have adverse effects on human health by preventing an ade-
quate recovery from daytime heat. Different urban planning strategies are investigated and evalu-
ated on the impact on the UHI for testbed The Hague, the Netherlands. Thereto, a validated diag-
nostic equation was applied to estimate the UHI based on routine meteorological observations and 
straightforward urban morphological properties as sky-view factor and vegetation fraction. Here 
we choose to use the diurnal minimum air temperature as metric to quantify urban heat. The urban 
planning strategies have in common that a fixed amount of population was housed in urban dis-
tricts. The urban planning strategy differs in replacing low- and mid-rise buildings with high-rise 
buildings and, construction of low-rise buildings on neighbouring green areas. The first strategy 
causes higher sky-view factors and the second strategy is at the dispense of cooling green. We find 
that, in most cases, the vegetation fraction is a more critical parameter than the sky-view factor to 
minimize the extra heat stress incurred when densifying a neighbourhood. This means that an ur-
ban planning strategy consisting of high-rise buildings and preserved green areas is often the opti-
mal solution. In addition, meteorological observations are transformed according to four differ-
ent KNMI climate scenarios in 2050. The impact of climate change on the urban thermal load us-
ing these climate scenarios is clearly larger than the imposed urban densification.  

7.4 Mapping thermal comfort on a 1-m scale with meteorological and  
geographical tools  

In order to quantify outdoor human thermal comfort differences on a 1-m scale, the evaluation 
with just air temperature is not sufficient to describe heat stress in an urban heat map. Heat stress 
is also influenced by other meteorological factors, like exposure to solar radiation and wind speed. 
The societal assignment is that municipalities and other sub-national governments in the Nether-
lands have to conduct so called climate stress tests to examine impact of heat stress of citizens. 
With an urban heat map and a corresponding manual, we want to offer users the possibility to 
distinguish between hot and cool places. The following research questions were answered in Chap-
ter 5:  

Research question 4: What meteorological and geographical inputs are needed to create a 
high-resolution urban heat map for city planning purposes and climate stress tests?   

Research question 5: Is a heat map based on empirical meteorological and geographical 
relations sufficiently accurate to describe the urban climate?   



Chapter 7    Summary 

140 
 

A suitable index that mimic more closely how people experience heat is the Physiological 
Equivalent Temperature (PET). The PET includes factors which affect the heat release of the 
human body, such as radiation load, air temperature, wind and humidity. Humans can release their 
excess heat by transpiration and ventilation by wind and dry air supports this process. So, a good 
PET calculation requires good estimates for these meteorological variables in the city. For rural ar-
eas these data are available from weather stations. However, for urban areas diagnostic meteoro-
logical and geographical models are required. As a testbed, a PET map at 1 m2 grid spacing for a 
mid-sized town Wageningen, the Netherlands is constructed. To calculate urban air temperatures, 
urban morphological properties as vegetation fraction and sky-view factor are required. The vege-
tation fraction is extracted from land-use and satellite data. Furthermore, the surface wind is typi-
cally reduced in urban areas and can be estimated by frontal density of buildings and trees. Lidar 
based height maps and tree register data are required as geographical inputs. The concept behind 
the PET map is an empirical PET model which is trained with 10 street configurations differing in 
aspect ratio and 15-year climatological data with the advanced 3D energy model Rayman©. With a 
regression technique the PET for Wageningen was estimated based on weather station data and 
real geographical inputs.  

One of the presented heat maps consists of an afternoon averaged PET. The average af-
ternoon heat load justifies and blends the hourly sun and shadow differences and is a good metric 
to identify hot and cool places. Sun and shadow differences can be accurately determined with the 
used 1-m resolution, and the resulting PET differences are therefore a useful and a step forward in 
mapping urban heat. However, verifications against traverse bike measurements reveal the largest 
uncertainties arise from radiation differences due to the size and transmissivity of tree crowns.  
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