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Sprawl or compactness? How urban form influences urban surface 
temperatures in Europe 

Jonas Schwaab 
ETH Zurich, Institute for Atmospheric and Climate Science, Switzerland  

A B S T R A C T   

The surface of cities is often warmer than the surface of their surroundings. This phenomenon is known as the surface urban heat island (SUHI) effect and has several 
adverse implications. Studies have shown that the SUHI effect tends to be weaker if urban form is characterized by sprawl or polycentrism. These findings suggest 
that urban heat could be mitigated if a city is less compact. By analyzing high-resolution remote-sensing land surface temperature (LST) and land-cover data for 293 
European cities, this study shows that — contrary to many previous findings — sprawling or polycentric urban forms do not necessarily lead to a decrease of LSTs 
over urban areas. In southern European cities, sprawl could even lead to the warming of urban areas during specific daytimes, highlighting the importance of 
considering environmental and regional contexts when determining the role of urban form in heat mitigation. It is also crucial to consider the predominant type of 
land cover surrounding a city since sprawl into forested areas could have a very different effect than sprawl into agricultural areas. These results illustrate the 
complexity of urban form related heat mitigation and that policy- and decision-makers have to consider local and regional contexts when steering urban form.   

Introduction 

Heat in urban areas leads to increased energy consumption [54], 
human health problems including increased mortality [45,40], and 
further adverse impacts [30,70]. Urban growth as well as climate change 
exacerbate heat in cities and expose an ever increasing fraction of the 
global population to heat [38,26]. Heat in cities is controlled by a va
riety of factors including among others albedo, vegetation, water and 
urban form (e.g. [20]). To understand the influence of these factors and 
designing adequate heat mitigation strategies is challenging because 
their effect can strongly vary over time and space. For example, it has 
been shown that vegetation in European cities can have a higher or 
lower effect on temperatures depending on regional environmental 
conditions [41,36]. While urban heat mitigation measures are imple
mented locally, it is important to understand their effectiveness in 
different regional contexts and which factors should be taken into ac
count when transferring knowledge based on local case studies. 

The management of urban development and urban form is important 
in mitigating urban heat and its adverse impacts [63,32,33]. Small, 
disperse, stretched, polycentric or discontiguous cities (henceforth 
summarized in a simplified way as “sprawling urban areas”) have been 
shown to be preferable for reducing urban heat over compact cities in 
Europe, the USA and China [58,12,69,32,34]. One reason why sprawl
ing urban areas can be beneficial are that they are intermingled with 
vegetated areas that can exert cooling on neighboring urban areas 
[21,61,68]. However, the cooling of vegetated areas through 

transpiration may not always be equally high and may decline towards 
dry regions and periods [3,57,36,28], particularly if vegetated areas are 
or cannot be properly irrigated [49]. Less temperature reduction by 
vegetated areas is one reason why urban cool islands (UCIs - denoting 
that urban areas are cooler than their surroundings), have been observed 
in arid regions [10,29,64,16,18]. In addition, it has been shown that 
increased building heights and densities in dry regions can reduce 
daytime temperatures, particularly through shading [13,4,42]. The 
latter finding and a potentially reduced cooling provided by vegetation 
in certain regions raise the question of whether and where sprawl would 
indeed lead to reduced urban heat. 

To better understand the impact of different urban forms on urban 
temperatures across different climates, high-spatial-resolution LST and 
LULC data was used for 293 European cities and their surroundings. For 
each city, all urban patches, were separated and the size (i.e., area) of 
these patches was calculated. After that the difference in spatial mean 
temperature was calculated between large contiguous urban patches 
(indicating compactness and contiguity) and small disperse urban 
patches (indicating sprawl and discontiguity) that are either surrounded 
primarily by forest or agriculture. 

Methods 

Temperatures of small and large urban patches and the temperatures 
of urban patches that are either mainly surrounded by forested or 
agricultural land were compared. All analysis were performed using R 
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Statistical Software (v4.1.2, [50]). To calculate the size of urban patches 
and the fraction of forest or agriculture in their surroundings, a land- 
use/land-cover dataset was used, which is denoted as the “Urban Atlas 
(UA, https://land.copernicus.eu/local/urban-atlas, European Commis
sion [14]) The UA is available for large European cities and their sur
roundings. The UA data, which are in their original form provided as 
spatial polygons, was rasterized to a spatial resolution of 250 m via the 
rasterize R package [23] and afterward, only areas that are categorized 
as urban fabric or as industrial/commercial (henceforth referred to as 
urban areas) were selected (more details in Table S 1 and Figure S 1). 
The urban fabric category includes all built-up areas and their associated 
land including, e.g., infrastructure and urban gardens. All urban areas 
were split into separate patches based on the connectedness within a 
neighborhood space defined by 8 surrounding cells (function clump, 
raster package, [23]). For each urban patch, its size, its mean elevation, 
the fraction of forested and agricultural land in the surroundings of each 
patch, and the LST of each patch was calculated (Figure S 2). The LSTs 
were calculated as spatial mean temperatures for each patch based on 
Landsat data. Landsat LST data were extracted for each selected Euro
pean city between 2006 and 2018 for every month available (htt 
ps://rslab.gr/downloads_LandsatLST.html, Parastatidis et al. [44]. On 
average, 408 Landsat scenes were available per city. 

For each city, temperature differences between large and small 
patches were calculated for high background temperatures. Scenes with 
high background temperatures were determined by calculating the 
spatially averaged LST of each Landsat scene and selecting those Landsat 
scenes for which temperatures were ranking among the highest 5 %. 
Large patches were defined as the 50 % of patches that are larger than 
the median patch size and small patches are the 50 % of patches that are 
smaller than the median patch size. In addition, the smallest 50 % of 
patches were either defined as mainly surrounded by agricultural land 
(more than 50 % of the surroundings) or as patches that were mainly 
surrounded by forest (more than 50 %). Cities for which there were no 
urban patches surrounded by more than 50 % forested areas or agri
cultural areas were excluded, since differences in temperatures due to 
different LULC surroundings of urban patches cannot be estimated in a 
robust way in these cities. To reduce the effect of elevation on temper
atures, patches were only selected if they were less than 200 m in alti
tude from the average elevation of all patches. In summary, for each city, 
the following was calculated (1) a temperature difference between large 
urban patches minus small urban patches mainly surrounded by agri
culture and (2) a difference between large urban patches minus small 

urban patches mainly surrounded by forest. The temperature differences 
calculated for each city were compared for three regions (Fig. 1), 
including North Europe (NEU), Central Europe (CEU) and the Mediter
ranean (MED). Even though these three regions are quite large and 
diverse, they allow for a broad distinction between climates [46,56,6]: 
The region NEU can be characterized as a mainly boreal region with cold 
winters and short summers. The region CEU can be characterized as a 
temperate region which includes oceanic and continental climates. The 
continental climate (towards eastern Europe) is characterized by hot and 
dry summers and cold winters. The oceanic climate (towards western 
Europe) is characterized by warm summers and mild winters and high 
precipitation throughout the year. The region MED includes temperate 
climates, but can be mainly characterized as arid. Summers in the 
Mediterranean are hot and dry, winters are mild and most annual rain is 
received during winter. 

Results and discussion 

This study found that small urban patches can be warmer than large 
urban patches at Landsat observation time (approx. 10:15 a.m.) in parts 
of the Mediterranean (Fig. 1 and Fig. 2). This indicates - in contrast to 
many previous findings - that sprawl may not always lead to reduced 
temperatures over urban areas in these regions and during that time. In 
particular, small urban patches were often warmer than large urban 
patches, if the small patches were surrounded by agricultural land. 
However, there was a substantial spread in the temperature difference of 
− 5 ◦C to 7.5 ◦C between small agriculturally surrounded and large 
patches in the Mediterranean (Fig. 1 b, Fig. 2 b), indicating that the 
Mediterranean region (as defined in this study) is a broad category and 
does not allow to single out cities where temperature differences be
tween patches are clearly positive. If surrounded by forest, a sprawling 
pattern could be beneficial during specific times of the day even if a city 
is located in the Mediterranean, since small forest surrounded patches 
can be cooler than large urban patches (Fig. 1 a Fig. 2 a). In central and 
northern Europe, smaller urban patches are cooler than larger urban 
patches in almost all cities no matter whether the small urban patches 
are surrounded by agriculture or forest (Fig. 1, Fig. 2), which could 
indicate that sprawl is mostly reducing heat in urban areas in these re
gions and during Landsat observation time. In summary, these results 
show that the temperature differences between small and large urban 
patches vary substantially between regions and according to the domi
nant LULC type (i.e. forest vs agriculture) in the surrounding of urban 

Fig. 1. The maps show smoothed spatial 
trends of temperature differences between 
small and large urban patches, and each dot 
represents the temperature difference in a 
specific city. Negative temperature differ
ences indicate that the temperature of small 
urban patches is lower than that of large 
urban patches. a) Temperature differences 
between the smallest 50% of urban patches 
surrounded by forest and the largest 50% of 
urban patches. b) Temperature differences 
between the smallest 50% of urban patches 
surrounded by agricultural land and the 
largest 50% of urban patches.   
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areas. 
The obtained results can be partly explained with the help of existing 

literature, by considering geographically varying climatic and environ
mental conditions and by looking at the different ways of how trees and 
agricultural areas affect the climate. Analysis of SUHIs in arid regions - 
such as parts of the Mediterranean - show that temperatures of urban 
areas are often not much higher or even lower (forming UCIs) than 
temperatures in their surroundings [10,22,29,9,1]. A main reason for 
this is that the levels of evapotranspiration in the surrounding of cities in 
dry regions are low (if not irrigated), due to low soil moisture and 
reduced fraction of vegetation [29,31]. In Europe, additional effects 
leading to UCIs could be that the albedos of urban areas in Mediterra
nean regions tend to be higher than in other European regions [57] and 
that irrigation of vegetation inside cities may be high in comparison to 
outside of cities [51]. In addition, higher surface roughness and, 
accordingly, lower aerodynamic resistance of built-up areas in relation 
to flat surfaces could reduce temperatures in Mediterranean cities 
compared to their surroundings [66,17]. 

While the SUHI may explain why sprawl leads to reduced urban heat 
in some regions, the results of this study also show that the land cover 
which surrounds a city must be considered to understand the potential 
climatic benefits of sprawl. Summarizing the results of Schwaab et al. 
[57] it can be shown that LSTs of forests are generally lower than of 
urban areas across Europe, but agricultural areas in the Mediterranean 
are often warmer than urban areas (Figure S 3). Forests during the day 
are cooler than agricultural areas in southern Europe because they seem 
to be able to maintain higher evapotranspiration levels and have a 
higher surface roughness than agricultural land [65]. Higher evapo
transpiration levels may be explained by the larger root depth of trees, 
allowing them to maintain a higher ET even during hot extremes [8,55]. 
A higher surface roughness leads to more efficient heat convection and, 
hence, lower temperatures [52]. The are probably two main ways in 
which the different LULC and vegetation types influence temperatures: 
On the one hand, it is likely that advection effects are relevant. This 
means that the land surface temperatures of the urban patches are 
influenced by air temperature changes caused by the vegetated 

surrounding of the urban patches. These effects have been recognized 
and shown to be relevant in many different settings [27,71,11,2,7]. On 
the other hand, it is not possible to perfectly isolate urban patches that 
are of the same urban fabric and do not include vegetated areas. For 
example, a substantial part of urban patches will not only be comprised 
of, e.g. same height buildings and equal road surfaces, but also of forest 
and agricultural areas or even other LULC types. Thus, the observed 
temperature differences will often not just be the temperature difference 
between the same urban fabric and LULC type (influenced only by their 
surroundings), but include the temperature difference between different 
urban fabric and LULC types. 

The use of Landsat data allows for a comparison of LSTs of urban 
patches in different geographic regions, but has several major limita
tions. Most importantly these are that the data cannot resolve the 
diurnal cycle of temperatures and that LST and the surface urban heat 
island are often related in complex and counter-intuitive ways to near- 
surface air temperatures and the canopy level urban heat island 
[53,60]. For example, the daytime canopy urban heat island is usually 
very small in comparison to the surface urban heat island and the canopy 
urban heat island can even switch signs during morning hours [38]. The 
existing relationship between surface temperatures and canopy level 
temperatures [37,19,47], would need to be further explored including 
in-situ observations and modelling experiments to better understand the 
effect of sprawl in different climates, with relation to varying vegetation 
and during different times of the day. For example, while the analysis of 
LST data indicates a surface urban cool island during the day in dry 
regions, there can still be a nighttime surface urban heat island [10,1], 
which could mean that sprawl could lower nighttime temperatures in 
urban areas in dry regions. 

In this study, a simple indicator of urban sprawl (i.e., small disperse 
urban patches) and compactness (i.e., larger contiguous urban patches) 
was used when identifying temperature patterns. The separation into 
small and large patches leads to different patch sizes in each city and can 
be carried out in various ways (Figure S 5). However, different ways of 
separating small from large patch sizes do not have substantial effect on 
the main results (Figure S 4). Analyzing additional measures of urban 

Fig. 2. A) violin plots indicating the temperature differences between the smallest 50% of urban patches surrounded by forest and the largest 50% of urban patches 
in the three different regions neu – north europe, ceu – central europe, and med - mediterranean. b) violin plots indicating the temperature differences between the 
smallest 50% of urban patches surrounded by agricultural land and the largest 50% of urban patches in regions neu, ceu, and med. 
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form, having an improved understanding of the climatic impacts of 
dense and high-rise urban areas (i.e., three-dimensional considerations, 
Li et al. [32] and isolating the effects of urban form and fabric from 
geography [43] have been shown to be crucial. Last but not least, it is 
important to note that the complex 3d structure of cities lead to 
anisotropy effects (i.e. directional variation in upwelling thermal radi
ation) and that these effects may vary between smaller and larger urban 
patches [62,24] and hence influence the observed LST differences. 

Urban expansion is a dominant process of present and future land 
changes [59,35] causing intensification of urban heat islands [25,38]. 
Identifying suitable urban forms and supporting policymakers in their 
efforts to establish sustainable urban growth trajectories is a major 
challenge [5]. Since heatwave events are expected to increase in both 
intensity and frequency in the future [48,39], there is a pressing need for 
more evidence on how urban form can help to mitigate heat in urban 
areas. In this study, it is shown that the effect of urban form on land 
surface temperatures depends on regional and local factors. Two 
important factors are background climate and the predominant land- 
cover in the surrounding of urban areas. Accounting for these two fac
tors complements previous findings showing that sprawl may be helpful 
in reducing land surface temperatures in European cities [58,67,33] by 
showing that the relationship between sprawl and urban temperatures is 
complex and particularly needs further investigation in dry regions. 
While exploring the relationship between urban form and urban heat 
mitigation is essential, of course many other objectives and potential 
trade-offs need to be considered when striving for sustainable urban 
forms (e.g. [15,5]. 
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