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ARTICLE INFO ABSTRACT

Keywords: This study analyses mobile measurements of urban temperatures in Dijon (eastern France) to
UHI quantify the influence of urban form on the micro-scale variability of air temperature. A route was
Urban form

LCZ

Iterated transect
ANalysis of VAriance
Thermal impacts

ridden identically on 33 spring and summer evenings on a bike fitted out with measuring in-
struments (VeloClim). These evenings followed sunny calm days conducive to the formation of
thermal contrasts and urban heat islands (UHIs). Two typologies, Corine Land Cover (CLC) and
Local Climate Zones (LCZ), are used to assess the impact of urban form and land cover on air

temperatures based on ANalysis Of VAriance (ANOVA). ANOVA is applied to the mean of runs to
maximize the effect of surface states, and to each run individually to maximize the influence of

weather conditions.

The results show that both typologies prove relevant and complementary for studying the
impact of vegetated and artificialized zones on urban temperature. Temperature variations on
intra-urban scales are significantly modulated by urban form and land cover types. Vegetated
areas are systematically cooler than impervious surfaces. Independently of meteorological con-
ditions, urban form has a decisive influence on air temperature and each CLC or LCZ category has

an original air temperature signature.

1. Introduction

Urban heat islands (UHIs) have been studied for over 100 years now (Stewart, 2019). They are defined in terms of the variation
between background rural temperatures and peak urban temperatures (Oke, 1973). Pioneering works from the early nineteenth to the
early twentieth century highlighted the impact of cities on temperatures (Howard, 1833; Renou, 1868). Innovative methodology from
1920 to 1940 contributed to quantifying and mapping this effect (Schmidt, 1927) and experimental studies from 1950 to 1980 pro-
vided a better understanding of it (Sundborg, 1951). The present study stems from work done on innovative methods for measuring
urban temperature by means of a mobile campaign. It assesses the influence of land surface properties on temperature in an urban

environment and the associated uncertainties induced by the approximation of surface properties.

Urban characteristics and the diversity of materials in built-up areas may contribute to the warming of the urban boundary layer

* Corresponding author.
E-mail address: justin.emery@utc.fr (J. Emery).

https://doi.org/10.1016/j.uclim.2021.101017
Received 27 January 2021; Received in revised form 5 October 2021; Accepted 25 October 2021
2212-0955/© 2021 Elsevier B.V. All rights reserved.


mailto:justin.emery@utc.fr
www.sciencedirect.com/science/journal/22120955
https://www.elsevier.com/locate/uclim
https://doi.org/10.1016/j.uclim.2021.101017
https://doi.org/10.1016/j.uclim.2021.101017
https://doi.org/10.1016/j.uclim.2021.101017

J. Emery et al. Urban Climate 40 (2021) 101017

(Oke, 1973), including surface temperatures (Berg and Metzler, 1934; Takahashi, 1959; Unger et al., 2010), and to the intensification
of UHIs (Runnalls and Oke, 2013). By contrast, vegetated areas tend to lower surface temperatures, both locally and within a radius
300-1000 m (Petralli et al., 2014), and promote urban cool islands (UCIs). UHIs are both more intense and more frequent in the
evening and throughout the night (Berg and Metzler, 1934; Eliasson, 1996; Runnalls and Oke, 2013) because paved surfaces slow and
reduce night time cooling, whereas cooling occurs more rapidly in vegetated areas (Berg and Metzler, 1934; Sun et al., 2009; Sun,
2011; Heusinkveld et al., 2014; Song et al., 2014). UHIs contribute to increased thermal stress and even mortality among the urban
population, as has been reported in France (Fouillet et al., 2006; Pascal et al., 2018) and Europe (Robine et al., 2008). The increasing
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Fig. 1. Spatial characteristics of the mobile measurements. (a) Transect of the mobile measurement of temperature in Dijon Métropole and location
of the MUSTARDijon network recording hourly temperatures. The rural stations in red are used to produce thermal indicators. The Météo-France
weather station in yellow is used to characterize the general weather conditions of the runs. P1 to P13 are the highlight spots along the transect used
to divide the transect in smaller units homogeneous in terms of surfaces properties (downtown, urban parks, dense built-up areas...). (b) Digital
Terrain Model at 50-m resolution. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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frequency, duration and intensity of heatwaves further amplify their adverse effects on health (Hajat et al., 2010; Tan et al., 2010; Revi
etal., 2014). An understanding of the dynamics of the urban climate and the impacts of urban properties on temperatures may pave the
way for sustainable urbanization with the potential to improve thermal comfort and reduce mortality in urban areas (Revi et al., 2014).
Improving cities’ resilience with respect to climate hazards is an issue of increasing importance that needs to be achieved through low-
carbon strategies.

Achieving this requires a capacity to characterize surface properties in urban areas and temperature fluctuations in time and space.
Many modern typologies have been developed to characterize the properties of cities worldwide (see Lehnert et al., 2021 for a review)
and to assess the impact of urban form and land cover on urban climate. Among them, two complementary typologies, widely used
across Europe, have proved to be suitable for urban climate studies (Zhou et al., 2013; Leconte et al., 2015; Petrisor and Petrisor, 2015;
Lehnert et al., 2018; Richard et al., 2018): Corine Land Cover (CLC; Biittner et al., 2002) and Local Climate Zone (LCZ; Stewart and
Oke, 2012). The CLC typology provides a macro-scale view of urban areas (Zhou et al., 2013; Petrisor and Petrisor, 2015) with
potentially relevant information for climate (and climate modelling), such as the density of impervious surfaces or of vegetation types.
The LCZ typology is a climate-related approach designed for studying UHIs and facilitating comparison across cities regardless of their
size, geographical location, urban structure, building characteristics and land-cover types (Stewart and Oke, 2012). The LCZ typology
provides a local-scale summary of urban areas accounting for both surface properties (building heights and densities) and land cover
(permeability, vegetation). Therefore the two typologies allow us to characterize the urban form, defined as the spatial relation be-
tween physical features, natural physical forms and built physical forms (Kropf, 2009, 2014), on two complementary scales.

As a result of increased experimentation and methodological innovation to describe the heat island phenomenon (Stewart, 2019),
several methods have been developed for measuring urban air temperature. The most widely used are networks of fixed stations
generally spaced a few hundred meters to a few kilometres apart. A network density of this order yields information on a local scale
ranging from 102 to 5 x 10* m (Oke, 1987). Such networks have the advantage of regular repeatability (hourly or even sub-hourly
measurements).

In Dijon Métropole (Burgundy, France), the Measuring Urban System of Temperature of Air Round Dijon (MUSTARDijon) was first
introduced in 2014 to monitor air temperature (Richard et al., 2018, 2021). With 47 stations (Fig. 1), this network has demonstrated
the relevance of the CLC and LCZ typologies for characterizing coherent thermal environments (Richard et al., 2018) and studying UHI
intensity during hot spells and heat waves (Richard et al., 2021).

Nevertheless, the MUSTARDijon network was not designed to measure temperature variations on the micro-scale which is the most
relevant scale for urban planning (Ng et al., 2015). On such micro-scales, 10%t010°m (Renou, 1868; Hann, 1885; Oke, 1987; Buttstadt
et al., 2011; Tsin et al., 2016), mobile measurements are more appropriate (Tsin et al., 2016) since they sample temperature at high
frequencies within and between urban form categories (Brandsma and Wolters, 2012; Buttstadt et al., 2011; Lehnert et al., 2018). Since
they were first used in Europe in the 1920s, mobile measurements have been widely employed to assess the impact of urban form on
intra-urban temperature patterns (see the review by Stewart, 2019). Mobile measurements, whether made on foot (Brooks, 1931; Tsin
et al., 2016), by bicycle (Budel and Wolf, 1933; Brandsma and Wolters, 2012; Heusinkveld et al., 2014; Rajkovich and Larsen, 2016;
Lehnert et al., 2018) or with motorized vehicles (Schmidt, 1927; Peppler, 1929; Fukui and Wada, 1941; Hart and Sailor, 2009;
Buttstadt et al., 2011; Sun et al., 2009; Sun, 2011; Leconte et al., 2017), have the drawback of coarse and often irregular sampling over
long time-period.

By combining urban form data, fixed networks and mobile measurements, it becomes possible to observe the spatio-temporal
variability of air temperature driven by surface properties on local and micro scales (Buttstadt et al., 2011; Fenner et al., 2014;
Leconte et al., 2017; Beck et al., 2018; Lehnert et al., 2018). For instance, Fenner et al. (2014) show that temperatures recorded at fixed
stations in Berlin (Germany) are modified by the different LCZs and their distinct surface properties. Similar findings have been ob-
tained using mobile measurements in Olomouc (Czech Republic) (Lehnert et al., 2018). Night time air temperatures recorded in Nancy
(France) reveal frequent UHIs with temperature differences of 0.5 °C to 2 °C in urbanized LCZ categories compared to natural cate-
gories (Leconte et al., 2017). All these studies use LCZs to describe and help relate UHIs to urban characteristics.

Most of the above mentioned studies address the impact of urban form on temperature variability on local to micro scales (a few
metres). However, it is still unclear to what extent such impacts may be sensitive to the choice of the urban form typologies. This study
aims to fill this gap by examining the influence of CLC and LCZ typologies on the local to micro scale variability of temperature. To that
end, we conducted a campaign of mobile temperature measurements along an iterated transect accounting for the diversity of surface
properties in Dijon Métropole.

The paper is organized as follows. Section 2 presents the Dijon Métropole urban area, the mobile measurements and CLC/LCZ
typologies, as well as the method used to assess their impact on temperature. Section 3 presents and validates the LCZ categories in
Dijon Métropole and assesses the impact of the two typologies on the spatio-temporal variability. Sections 4 and 5 present the dis-
cussion and the main conclusions, respectively.

2. Study area, material and method
2.1. The Dijon Meétropole urban area

The study was conducted in Dijon Métropole in Burgundy, eastern France. This conurbation extends over ~240 km? in a radio-
concentric pattern (Fig. 1a). It covers 23 boroughs (communes) and with its 260,000 or so inhabitants is typical of mid-size cities in

Western Europe (Giffinger et al., 2010; Giffinger et al., 2007). The elevation of the conurbation varies from 220 m to 460 m westward
(Fig. 1b). Its western part is marked by a plateau incised by a steep-sided valley where forest dominates. Its eastern part is marked by a
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plain with openfield type cereal farmland. Dijon Métropole is characterized by warm/cold temperatures and dry/wet conditions
during summer/winter (Kottek et al., 2006) and by marked/weak interannual variability in temperature/precipitation (Joly et al.,
2010).

2.2. Corine land cover and local climate zone typologies

Two typologies are used to examine the potential impact of urban form (local surface structure, cover, fabric, and metabolism) on
air temperature. The CLC typology (Biittner et al., 2002), produced in 2012, groups land-cover into 44 categories based on satellite
images using a minimum mapping unit of 25 ha for raster data and a minimum width of 100 m for vectorial data. The CLC typology is
efficient at identifying well-structured patterns of land cover (e.g. artificial, agricultural and humid areas) but does not allow for a
detailed characterization of urban form at local scale (e.g. no distinction between buildings and roads, or between low- and high-rise
buildings) (Petrisor and Petrisor, 2015).

To overcome this limitation, we also consider the LCZ typology developed by Stewart and Oke (2012). LCZs list urban and rural
environments in 17 categories mixing local-scale criteria (e.g. building density and height, vegetation density and type). Of the
different methods developed for mapping LCZs (Lehnert et al., 2021), we used the WUDAPT (World Urban Database and Access Portal
Tools) method (Brousse et al., 2016; Ching et al., 2018), which effectively delineates LCZs (Verdonck et al., 2017) and produces results
very similar to more sophisticated approaches such as Geographical Information System methods (Gal et al., 2015). The WUDAPT
method maps LCZs based on semi-automatic classification algorithms applied to satellite images (Bechtel and Daneke, 2012; Brousse
et al., 2016; Bechtel et al., 2019). Following Ching et al. (2018), this classification has been constructed from a set of training areas in
Dijon Métropole based on high-resolution Google Earth images. Except for this critical point, the WUDAPT method is objective, simple
and suitable for any city. We defined 70 training areas in Google Earth for the subsequent classification of multispectral Landsat-8 data
available for seven dates in the SAGA-GIS software (23 September 2013, 11 April 2015, 19 July 2015, 14 August 2016, 30 August
2016, 2 January 2017 and 8 March 2017). Taking multiple Landsat-8 images at different times is important to capture the spectral
response of vegetation due to seasonality (Bechtel and Daneke, 2012). The LCZ typology for Dijon Métropole (termed the level
0 product in WUDAPT) was generated at 100 m-resolution and is presented and compared to CLC in section 3.

2.3. Bicycle measurement protocol

2.3.1. Mobile meteorological station: VeloClim

The temperature data were collected using a cargo bike (called VeloClim: Fig. 2) equipped with a 2 m mast, and forming an
effective, low-carbon way to measure urban climate (Brandsma and Wolters, 2012; Heusinkveld et al., 2014; Rajkovich and Larsen,
2016; Lehnert et al., 2018). The instruments, their technical characteristics and positioning on VeloClim are shown in Fig. 2 and
summarized as follows:

e Georeferencing of the transect every 5 m, using a differential GPS (1) connected to a GPS antenna (1) at the top of the mast;
e Temperature (2) and humidity (3) measurements every second via a HOBO U23 v2 sensor located in an M-RSA solar radiation
shield (4) and attached to a data logger (5). According to HOBO, the temperature sensor has a response time of ~180 s at a speed of

Instruments Components Data accuracy

depends on the number of

Trimble GeoExplorer : 3
satellites and correction

8 1|GPS

2008 series
accuracy
28 2 | Temperature sensor [HOBO Pro V2 U23-004 E= 021 AT /=02 9C
Temperature/RH + 2.5% between 10% and

3|Humidty sensor |+ Sensor : S-THB-MO0X [90%

Solar radiation

4 R M-RS3b
5|Data logger HOBO micro station depends on the instrument
Wind Speed
+
i Smart Sensor : S-WDA-MO003 Ll
Wind Direction
+ o
|7|Weather vane g, 1t Sensor :S-WDA-M003 [

Fig. 2. Technical characteristics of the VeloClim measurement devices.
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1 m.s~L. In fact, sensitivity tests comparing fixed and mobile temperature measurements point to a response time of ~30 s at a
speed of 5 m.s 1, which corresponds to the mean speed of the VeloClim during the campaign. The 30 s lag has been accounted for by
(i) taking a 30 s break before entering vegetated areas and (ii) applying a spatial filter to avoid mixed influences of different CLCs/
LCZs on temperature, thereby eliminating a sizeable part of the problem by disregarding temperatures 200 m upstream and
downstream of each CLC/LCZ (see section 3.2.2);

e Wind measurement taken only when the bike is at rest, at 13 locations along the transect, using an anemometer (6) and a wind vane
(7) mounted on either side of the mast (not analysed in this study).

2.3.2. Bicycle transect: An iterated measurement protocol

A campaign of 33 mobile measurement runs was conducted from 2016 to 2018. All 33 runs were carried out in late spring or
summer (April to August) from late afternoon to early night (19 to 22 UTC) to maximize city-countryside thermal contrasts (Richard
et al., 2018). The runs all followed the same relatively flat (i.e. 40 m difference between the lowest and highest points) transect of 33.9
km (Fig. 1b). The transect was ridden in about 2 h 30 min with VeloClim and air temperature was recorded every 5 m, 2 m above the
ground level. The transect was designed to be representative of the urban area by crossing over various types of surfaces and spaces
ranging from dense zones like the city centre to vegetated zones, mostly in the outskirts. The transect and the different LCZs crossed
along the transect are detailed in section 3.

Fig. 3 shows the weather conditions during and a few days prior to each run, as provided by the Météo-France synoptic weather
station located south of Dijon (yellow dot in Fig. 1a). All runs were associated with pleasant calm weather conditions conducive to the
formation of heat contrasts, that is high temperature, little wind, few clouds in the daytime before and rather dry conditions at least
during two days prior to the runs. During the hours when the runs were carried out, temperatures generally fluctuated between 22 and
26 °C, relative humidity levels between 50 and 65% and wind speeds between 1.5 and 3 m.s~! (Fig. 3a-c). During the entire day of the
runs, the weather was systematically very sunny (Fig. 3d) and without rain (Fig. 3e). Nevertheless, rain was sometimes observed
during the previous days (Fig. 3e).

Nine out of the 33 runs were affected by instrument malfunctions or major gaps in GPS reception and are not analysed in this study.
A few spatially-limited values were also missing in the 24 remaining runs due to GPS reception gaps. These missing values were
replaced over the same transect by statistical interpolation (see section 2.3.3) assuming the VeloClim moved at constant speed (~5 m.
s™1) over the time when gaps occurred.

2.3.3. VeloClim data: Rural index and calibration of mobile measurements

Since not all runs were made at the same time of the same season and did not all last exactly 2 h 30 min, the raw temperature
records were standardized in two stages to ensure the measurements are comparable. Furthermore, this allows us to compute syn-
chronous temperature differences between rural background temperatures and urban mobile temperatures.

The first stage ensures synchronization over the same transect of data logged jointly by the differential GPS and the HOBO sensor.
This processing corrects time discrepancies between the two devices and then uses the nearest neighbour method to project all ob-
servations onto a single standard transect of 6800 points. The second stage takes account of the time changes in temperature between
departure and the end of the run. To that end, we use the MUSTARDIijon network to compute temperature gradients between the city
and countryside via observations recorded at five rural stations located at altitudes very close to those of the transect (cf. red dots in
Fig. la). This adjustment takes account of the observation times between the mobile measurements and reference station

30 80F 75 250 30
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Fig. 3. Meteorological conditions at Dijon Longvic (Météo-France station) for the period of measurement. (a) Temperature at 2 m (19:00-21:00 UTC
mean. (b) Relative humidity (19:00-21:00 UTC mean). (c) Wind speed at 10 m (19:00-21:00 UTC mean). (d) Global radiation (06:00-18:00 UTC
mean). (e) Rainfall (daily accumulation) during the 5 days preceding the runs.
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measurements (Brandsma and Wolters, 2012; Rajkovich and Larsen, 2016) to calculate the calibrated and validated temperature
differences between mobile measurements in the city and fixed measurements in the rural area. These temperature differences are then
used and analysed extensively in the remainder of this work.

2.4. Assessing the impact of CLCs and LCZs on temperature

The impact of CLCs or LCZs on air temperature is assessed in two stages. First, we qualitatively discuss the mean impact of urban
form on temperature by plotting the mean temperature profile (i.e., the temperature difference against the rural index averaged for the
24 runs) along the transect together with the different CLCs/LCZs along it. Second, we quantify the urban form impact on temperature
for each of the 24 runs through analyses of variance (ANOVAs: von Storch and Zwiers, 1999). ANOVAs are used to decompose total
temperature variance according to the CLC or LCZ typology and to test whether temperature contrasts occur mostly between the
categories of each typology, or within them. In ANOVAs, the total sum of squares (SST, the squared terms being deviations of each
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Fig. 4. Classification of Dijon Métropole surface properties. (a) Corine Land Cover (version 2012 - Biittner et al., 2002). (b) Local Climate Zones -
Level 0 (Stewart and Oke, 2012). The black and white line shows the bicycle transect. The black line represents the sample used for analysis. The
white line represents transition zones between different CLCs/LCZs, which are not analysed in this study.
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temperature reading from the mean temperature regardless of the CLC/LCZ typology) is used to express the total variation of tem-
perature that can be attributed to the various categories (i.e. the N CLCs or M LCZs). SST is then decomposed into the CLC/LCZ ty-
pology as follows:

SST = SSicz1 + SSicze + SSiczs + --. + SSicze (€9)]

with SS, the squared deviations of each temperature record within a CLC/LCZ category from the mean temperature of the cor-
responding category.

The F-test is used for determining the significance of the decomposition. The null-hypothesis is that the CLC/LCZ typology does not
impact temperature, i.e., the temperature variance between the different categories is significantly weaker than the temperature
variance within each category. Since the F-test is sensitive to non-normal distributions, we verify the normality of temperature dis-
tributions both regardless of and according to the CLC/LCZ typology using the Shapiro-Wilk test (Shapiro and Wilk, 1965) at the 95%
confidence level. Temperatures recorded for each of the 24 runs are found to comply with a normal distribution for 100% of the runs
regardless of the CLCs/LCZs and for 60% of the runs when tests are applied to individual CLC/LCZ categories.

Following Lehnert et al. (2018) and Geletic and Lehnert (2016), we use the Tukey test, also called Honestly Significant Difference
(Tukey, 1962; Haynes, 2013), to identify urban form categories associated with temperatures that significantly differ from those of a
reference category. CLC 111 (continuous urban fabric) and LCZ 2 (compact midrise) are selected as the references for the CLC and LCZ
typologies respectively, since they correspond to densely built and little vegetated areas of the city centre.

3. CLC and LCZ contributions to urban air temperature
3.1. Assessment of CLC and LCZ typologies

Fig. 4 shows the 20 CLCs and 14 LCZs, as defined in section 2.2, for Dijon Métropole. The CLC typology provides spatially smoothed
categories of land-use, with a predominance of impervious surfaces within and around the city centre and permeable surfaces in the
surrounding rural environment (Fig. 4a). The most frequently recurring categories are the discontinuous urban fabric (53%), industrial
or commercial units (16%) and sport and leisure facilities (11%). This simple partitioning is much more detailed and subtler when
viewed on the LCZ spectrum (Fig. 4b). The partitioning is more homogeneous among the LCZs, with e.g. 20% of the city classified as
LCZ 3 and another 20% as LCZ 4.

In detail, the dense medieval city centre (LCZ 2) is surrounded by two rings of boulevards. The inner Haussman-type ring serves the
city centre whereas the outer one serves dense residential areas (LCZ 3) and large collective infrastructures (LCZ 5: regional hospital,
university campus, etc.). Although the city centre is dense and largely impervious, vegetation is not entirely absent and makes up
nearly 4.3% of the area. The residential space (LCZs 3 and 4) is vegetated and less densely built than LCZ 2 (vegetation and buildings
cover 8.9% and 15.4% of the area, respectively). The urban area is also less densely built around trading estates (LCZs 8 and 10) and
lower-density residential areas (LCZs 5 and 6) out to the peri-urban boroughs (LCZ 9) of the conurbation. Other noticeable charac-
teristics of the Dijon metropolitan area concern a 33 ha urban park with dense vegetation (LCZ A) located south of the city centre, as
well as scattered vegetation (LCZs B and C) around water bodies.

More particularly, the LCZ categories crossed along the transect (Fig. 5) can be summarized as follows (see also Fig. 1a for the

BuILT TYPES:

LCZ 2: , LCZ9: s 4 0
COMPACT MIDRISE # SPARSELY BUILT @ ¥ o
N-754 N-176 & & = &

LCZ 3: LCZ 10: y4 i
COMPACT LOW-RISE 5 HEAVY INDUSTRY & ‘
N - 1087 = 2 3 N-24 /
s g LAND COVER TYPES:
< (2 e
LCZ 4: i SN 1.CZ A (101):
OPEN HIGH-RISE , g f ¢  DENSE TREES
N - 734 ’.i g ik | 1 5 N-629

! LCZG(107):
‘WATER
N-57

Lgfmi: MIDRISE iﬂﬁ? ? !

N-174

Fig. 5. Main LCZs along the VeloClim transect used to assess the impact of urban form on temperature. N corresponds to the number of classified
pixels selected for the analysis. Copyright: Diagrams from Stewart and Oke (2012); Satellite images from CNES/Airbus, Maxar Technologies and
Google Earth. All photographs by the authors except LCZ G by Claire Fabre.
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location of highlight spots - P):

(i) the eastern part of the transect (P1-P6) is in the lowland area (mean elevation 250 m) mostly in the urban space. At highlight
spot P3, the route runs through a 33 ha park (LCZ A) before heading north through a trading estate (LCZs 8 and 10) and then a
cycle/tow path (LCZs B and D). It runs south between P4 and P6 through a residential area (LCZs 3 and 4);

(ii) the western part of the transect (P6-P11) leads around a man-made lake (LCZ G) in a steep-sided valley. This part runs through
less densely built areas (LCZs 5 and 7) surrounded by forest (LCZ A), allotments (LCZ 6) in the far west, and then along the main
river of the conurbation before coming back to the city centre (LCZ 2);

(iii) the third section (P11-P13 then back to P1) runs through the medieval city centre and two small urban parks, after highlight
spots P11 and P12, covering 2.5 ha and 0.4 ha, respectively. The route then ends by climbing a small hill (P13 towards P1)
characterized by a more open urban space (LCZ 5) and vegetated space around large tertiary infrastructures (sports stadium,
hospital grounds, and university campus) and the outer boulevards.

Impervious surfaces represent ~75% of the surface crossed along the transect regardless of the typology. Except for LCZ G, the route
passes directly through the main LCZs, as illustrated in Fig. 5.
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Fig. 6. Properties of each LCZ category in terms of Height of Roughness Element (HRE), Building Surface Fraction (BSF), Impervious Surface
Fraction (ISF) and Pervious Surface Fraction (PSF). The violin plots and triangles show the LCZ properties for the whole of Dijon Métropole and for
the VeloClim transect, respectively. The rectangles in yellow show the LCZ properties as defined by Stewart and Oke (2012). (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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To validate the LCZs obtained in Dijon Métropole, Fig. 6 compares their properties to canonical LCZs using four metrics defined by
Stewart and Oke (2012) and Geletic and Lehnert (2016): the Height of Roughness Element (HRE), the Building Surface Fraction (BSF),
the Impervious Surface Fraction (ISF) and the Pervious Surface Fraction (PSF). These metrics have been computed for both the whole
city and along the transect (violin plots and triangles in Fig. 6, respectively) using the BD TOPO database (IGN, 2016; Emery et al.,
2017) describing urban morphology across France. The accuracy of our classification depends on the metric considered. Compared to
canonical LCZs (Stewart and Oke, 2012), HRE is underestimated by 52% over densely built categories (LCZs 2, 4 and 5) because of a
local political decision to limit the height of buildings. PSF also tends to be underestimated, especially for LCZs with vegetation (LCZs
A, B, C and D). This bias reaches ~50%. It is mainly the consequence of shortcomings with the BD TOPO database in describing low
vegetation and even overall vegetation when its coverage is less than 200 m?. Hence, the PSF is underestimated by ~90% for LCZ D. On
the other hand, the BSF and, to a larger extent, ISF, accurately fit the canonical values provided by Stewart and Oke (2012), lending
credibility to our classification. It is also worth noting that the LCZ properties are generally closer to the canonical values when
computed along the transect than for the Dijon metropolitan area as a whole.

3.2. Impact of CLCs/LCZs on temperature along the transect

To properly assess the impact of urban form on air temperature, Stewart and Oke (2012) recommend avoiding the mixed influence
of different LCZs and, by extension, CLCs on air temperature. To do so, we consider a buffer of 400 m around each record and keep only

(a) Corine Land Cover - CLC - 85% of sample (b) Local Climate Zone - LCZ - 54% of sample
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Fig. 7. Temperature and urban form along the transect. (a) Temperature differences against the rural index, averaged for the 24 runs (black and
white line) together with the CLC categories (shadings) and the altitude (grey line). The influence of urban form on temperature is assessed when at
least 55% of the area in a 400 m radius around each temperature record is covered by the same CLC (see section 3.2). The selected sample is shown
in black for temperature and in shades of colour for CLC categories. (b) Same as (a) but for LCZ categories. (c) Temperature differences for the 24
runs associated with each CLC category. (d) Same as (c) but for each LCZ category.
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those records when at least 55% of the buffer area is covered by a single LCZ or CLC category. This criterion guarantees the selection of
temperature in homogeneous urban categories without reducing the sample size too drastically. The different buffer sizes tested (i.e.
400 m and 1000 m) lead to similar results (not shown). The sample selected for analysing the urban form-temperature relationship in
the remainder of this study is shown in black in Fig. 4. It corresponds to 85% of temperature records for CLCs and 54% for LCZs. About
85% (15%) of this sample belong to urban (natural) environments for CLCs, differing slightly from the proportions for LCZs (~80%
versus 20%).

3.2.1. Impact on mean temperature

The mean temperature differences averaged over the 24 runs (see section 3.1 for details on their computation) are shown along the
transect in Fig. 7 together with the altitude and all corresponding CLC/LCZ categories. On average, temperature differences vary
between —1.5 K and + 4 K along the transect (against the rural index derived from the MUSTARDijon network: see section 2.3), hence a
marked spatial amplitude of 5.5 K (Fig. 7a. and 7b). Altitude changes partially explain temperature variability along the transect, as
reflected by the thermal inversion of ~1 K between the plain (km 1 to 16 and 26 to 33 in Fig. 7a and b) and the valley (km 16 to 25).
The impact of altitude on temperature remains weak, though, (spatial correlation close to 0) and cannot account, for example, for the
abrupt variation in temperature between km 17 and 24. On the other hand, the urban form categories seem to play a major role
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Fig. 8. Spatial variability of temperature along the transect and relationship with weather conditions. (a) Spatial variability of temperature for each
run and averaged for the 24 runs. (b) Relationship between temperature spatial variability defined as the interquartile range (x-axis; rectangle in
panel a) and 2 m temperature recorded at Dijon-Longvic and averaged between 19 and 21 UTC of each run (y-axis). (c) Same as (b) but for global
radiation averaged between 06 and 18 UTC. (d) Same as (c) but for wind speed at 10 m averaged between 19 and 21 UTC.
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regardless of the typology considered. Areas with the highest temperatures correspond to categories describing highly artificial,
mineral, and impervious surfaces (e.g. CLCs 111, 112 and 121 in Fig. 7a; LCZs 2, 3, 4, 5 and 10 in Fig. 7b). By contrast, the coolest areas
correspond to sparsely built and, to a larger extent, highly vegetated zones (CLCs 222, 313, 324 and 512; LCZs 9, A and G).

These qualitative results are confirmed by ANOVAs computed using the temperature averaged over the 24 runs, and indicating that
~60% (~70%) of the temperature variability along the transect is explained by the 9 CLCs (8 LCZs) (see Fig. 9). This is further
confirmed by the distribution of temperature differences of the 24 runs according to the CLCs/LCZs (Fig. 7c-d, respectively). The
temperature distribution also indicates that the influence of urban form on air temperature is by no means perfect. For instance,
temperature variability remains non-negligible within CLC 112 and LCZs 3 and 4, which lie at the intersection between densely built
and highly vegetated zones (Fig. 4). This is also the case for LCZ A, which depicts a bi-modal distribution of temperature differences
against the rural index. LCZ A corresponds mainly to (1) the 33 ha urban park located south of the city centre and (2) forests/gardens
located in the western part of the city. These two zones, although similarly characterized by local minima of temperature (Fig. 7b),
nonetheless display very dissimilar temperature levels (the urban park area being warmer). This is probably due to (1) the proximity

between the city centre and the park and (2) the slight thermal inversion discussed above and that cools the gardens located in the
lower parts of the valley, west of the conurbation.

3.2.2. Impact on temporal variability

The above analysis provides an average view of the impact of CLC and LCZ categories on temperature, which may overestimate the
relative weight of surface conditions by increasing the signal (static surface properties, including urban form and soil sealing) to noise
(atmospheric dynamics, including synoptic wind and atmospheric turbulence) ratio. Here, we go one step further by assessing (1) the
spatial variability of temperature along the transect for the 24 runs, (2) the role of weather conditions in modulating that variability
and (3) the consequences for the urban form-temperature relationship for both typologies.

Fig. 8a shows the spatial variability of temperature for each of the 24 runs. All the runs are markedly different from the mean run
shown in red and considered so far. The median of the temperature difference with surrounding rural stations ranges from +2 K to +4
K. This confirms that all runs were conducted in the presence of UHIs. Two main types of UHIs emerge: those associated with high
spatial variability in temperature along the transect (11 out of the 24 runs: 22 and 23 June 2016, 19 July 2016, 16 and 17 May 2017, 22
June 2018, 20 and 30 June 2018, 13, 23 and 26 July 2018) and those associated with low variability (the 13 remaining runs). Fig. 8b-
d intersects the spatial variability of temperature along the transect, as measured by the interquartile range, with three hourly pa-
rameters recorded at the Météo-France synoptic weather station (see Fig. 1a) during each run: temperature and wind speed, both
averaged between 19 and 21 UTC, and global radiation averaged between 06 and 18 UTC (that is, the day before the runs). Tem-
perature spatial variability does not seem to be influenced by the background temperature conditions (Fig. 8b) nor by global radiation
(Fig. 8c) for the 24 runs.

Wind has a marked impact, promoting more ventilation within the urban canopy layer, and so more homogeneous temperatures as
its speed increases (Fig. 8d). The effect of wind speed on the urban form-temperature relationship is further assessed by intersecting
the temperature variability within (x-axis) and between (y-axis) the CLC/LCZ categories for each run (Fig. 9a). Wind speed does not
modulate the impact of CLC categories on temperature, since temperature variability between and within CLCs co-vary linearly
(Fig. 9a, grey dots). However, the impact of LCZs on temperature tends to increase as wind speed decreases (and temperature spatial
variability increases), as reflected by the exponential shape of the scatterplot (Fig. 9a, orange dots).

Importantly, the urban form explains more than 50% of the temperature variability along the transect in 21/23 out of the 24 runs
for CLC/LCZ typologies, respectively (Fig. 9b). Except for a few runs (e.g. 29 and 30 July 2018), this contribution is almost
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systematically larger when temperature variability is high and wind speed is low. Therefore, the urban form remains the main driver of
temperature spatial variability during occurrences of UHIs, and its impact is much greater under low wind speed conditions.

3.3. Effects of the different CLC and LCZ categories on air temperature

Previous sections indicate a strong and significant impact of the urban form on urban air temperature spatial variability. Here, we
seek to identify the urban form categories that have the greatest impact on temperature, not only in terms of temperature differences,
but also in terms of frequency. In other words, we attempt here to determine whether the influence of a given category is recurrent or
occasional. For each of the 24 runs, we compare temperature differences of the different categories in each typology against CLC 111
and LCZ 2 using the Tukey test (see section 2.4). Fig. 10 summarizes the results for the 24 runs and Table 1 shows the number of runs
(as a percentage) when temperatures associated with each category differ significantly (either warmer or colder) from those of CLC

111/LCZ 2 at different confidence levels.
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Table 1
Percentage of runs when temperatures associated with a category are significantly different from those of the city centre (CLC 111 or LCZ 2). (a) CLC categories. (b) LCZ categories. The percentage is shown
at the (***) 99.99%, (**) 99%, (*) 90% and (.) 95% confidence level according to the Tukey test.

Sign (a) 112-Discontinuous 121-Industrial or 141-Green urban 142-Sport and leisure  222-Fruit trees and ~ 313-Mixed forest - N:  324-Transitional 512-Water bodies - N: 42
urban fabric - N: commercial units - N:  areas - N: 366 facilities - N: 203 berry plantations - N: 55 woodland-shrub - N:
3656 1686 261 117
. 100% 80% 96% 100% 100% 100% 92% 96%
* 100% 80% 96% 100% 100% 100% 92% 92%

100% 72% 96% 100% 100% 100% 92% 92%
ek 8% 0% 4% 20% 88% 0% 24% 0%
Signif, codes: 0 “**** 0,001 “*** 0,01 “*> 0,05 *,” - p-value: < 2,2e-16

3-Compact Low-rise - 4-Open High-rise - N: 5-Open Midrise - N: ~ 9-Sparsely Built - N:  10-Heavy Industry - A (101)-Dense Tree - G (107)- Water - N:

Sign (b) N: 1087 734 174 176 N: 24 N: 629 57

. 88% 100% 76% 100% 72% 100% 100%
* 88% 96% 72% 100% 60% 100% 100%
88% 96% 72% 100% 52% 100% 100%
wk 4% 8% 0% 72% 0% 88% 8%

Signif, codes: 0 “*** 0,001 “*** 0,01 “** 0,05 ,” - p-value: < 2,2e-16
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Both typologies point to two main groups acting differently on temperatures. The first group corresponds to built or impervious
surfaces located from the city centre towards the outskirts (CLCs 112, 121 and 141; LCZs 3, 4, 5 and 10). Associated temperatures are
mostly slightly cooler than the reference category. The second group describes peri-urban and natural environments (CLCs 142, 222,
313, 324 and, to a lesser extent, 512; LCZs 9, A and G), which are clearly cooler than the reference category. These two groups depict
the contrast between impervious surfaces associated with warm temperatures and pervious surfaces leading to significantly cooler air
temperatures.

Except for CLC 121 and LCZ 10, Table 1 demonstrates that temperatures associated with each category shown in Fig. 10 differ
significantly from those of the reference category for at least 90% of the runs at the 90% confidence level. Among them, sparsely built
zones (LCZ 9) and forests (CLC 222 and LCZ A) are characterized by the coolest temperatures, a signal significant at the 99.99%
confidence level in at least 70% of the runs. This shows that the influence of vegetation is recurrent to some extent, and could be
considered as quasi-systematic, during the nights conducive to the development of UHIs.

4. Discussion

This paper is an attempt to assess the impact of urban form on the spatial variability of temperatures on the local to micro scales
based on mobile temperature measurements and two urban form typologies (CLC and LCZ). Such a quantification is a challenging
exercise for four main reasons:

- First, mobile measurements are subject to lag errors (here, the response time of the temperature sensor is ~30 s at 5 m.s ). Lag
errors make it difficult to measure the “unadulterated” influence of the CLC/LCZ categories on temperature;

Second, the relationship is sensitive to sample size. Here, the sample is much smaller for LCZs (54% of the temperature records)
than for CLCs (85%). By construction, we introduce more heterogeneity in CLCs than LCZs. The same analysis conducted using the
same sample (54%) leads to very similar results, with ~70% of the temperature variability explained by surface states regardless of
the typology. This illustrates that the way temperatures are sampled within and between urban categories is critical to the
quantification of their influence on temperatures;

- Third, the relationship between temperature and the CLC/LCZ categories is quantified through simple statistics (ANOVA). This
approach does not account for warm/cold advection from one CLC/LCZ category to the surrounding ones. For instance, LCZ A
(dense trees) mixes a 33 ha urban park close to the city centre and forests located in the western part of the city that both have the
effect of lowering temperatures but with different amplitudes because the influence of adjacent LCZ categories is not explicitly
considered. In this particular case, temperatures in the urban park may also be influenced by warmer temperatures recorded around
the park. More sophisticated approaches or a physical based analysis (e.g. urban climate modelling) are required to account for
temperature advection and interactions between the different CLC/LCZ categories;

Last, other physical features (e.g. altitude) and atmospheric circulation also affect temperature variability and may exacerbate or
counter-balance the influence of urban form. The cases studied here correspond to calm weather conditions conducive to UHI
development. The temperature along the transect is not correlated to the altitude profile (Fig. 7a-b), suggesting a weak control of
altitude on temperature during the campaign. While wind speed remains relatively low during all runs, the influence of CLC/LCZ
categories clearly decreases for the most windy runs (3-4 m.s ). Consistent with Brandsma and Wolters (2012) and Lehnert et al.
(2018), low wind speeds result in less ventilation of the urban canopy layer and promote UHIs on the meso scale and spatially more
heterogeneous temperatures on the local scale. In this study, we merely used wind speed from the synoptic weather station located
south of the city (Fig. 1a), but the synoptic wind often differs markedly from the local wind conditions prevailing throughout the
city. Here, the wind measurements made at 13 fixed locations along the VeloClim transect during all runs appear of little use for
further interpreting temperature variability patterns, since the runs correspond to calm evenings and wind speeds were found to be
within the instrumentation error range.

Despite the above limitations, two robust conclusions emerge from our study. Qualitatively, the CLC and LCZ typologies reveal a
significant influence of urban form on temperature variability within the city, and between the city and its surrounding environment.
Among the different CLC/LCZ categories, two major groups strongly impact temperatures. Densely built zones characterized by
artificial, mineral and impervious surfaces are recurrently associated with warm temperatures and UHIs. By contrast, vegetated zones
tend to cool temperatures and may promote UCIs. These effects are consistent with those identified in many cities worldwide over the
last 100 years (Stewart, 2019). Quantitatively, our paper points to high sensitivity of the relationship between temperature and urban
form on the local to micro scales depending on the typology used to synthesize surface properties. The CLC typology provides a macro-
scale summary of surface properties and is thus less efficient for discriminating intra-urban temperature variability than the micro-
scale summary provided by the LCZ typology (Fig. 9b). This is not surprising since the different CLC categories do not account for
building characteristics (e.g. height and density), which are known to influence temperatures (Howard, 1833; Berg and Metzler, 1934;
Oke, 2006; Stewart, 2019). Moreover, they can mix heterogeneous surfaces. For instance, CLC 112 merges small urban parks, housing
estates, collective housing, detached housing and private gardens that may have antagonistic effects on temperatures. While our LCZ
categories have some limitations induced by the WUDAPT approach (Lehnert, 2021) and the input data (BD TOPO), they better
discriminate surface properties and are thus more suitable than CLCs when it comes to assessing urban form effects on urban climate
(see e.g. Fig. 9b). The LCZ typology better discriminates surface properties and is thus more suitable than CLC for assessing urban form
effects on urban climate (see e.g. Fig. 9b). This corroborates previous work (Buttstadt et al., 2011; Leconte et al., 2017; Lehnert et al.,
2018).
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5. Conclusion

This paper presents the results of a mobile measurement campaign involving repeated runs over the same transect in a medium-
sized French conurbation. The results improve our understanding of the influence of surface conditions on air temperature at 2 m
above ground level on a local scale, as seen by two different and complementary typologies of urban form. Analysis of temperature
spatial variability cross-validated with CLC and LCZ categories has made it possible to reveal a marked and significant effect of certain
types of urban form and their properties on UHIs and UCIs, independently of the background temperature. According to the two
typologies tested, the urban developments that promote less intense UHIs have two major characteristics: (1) a low density of building
(but not necessarily of population as in the case of LCZ 9) and (2) the presence of mixed high and low vegetation. Several major points
about the effects in urban settings are noticeable:

- CLC and LCZ typologies are relevant and complementary for analysing the heterogeneity of surface contrasts on the scale of the
urban space.

On a local scale, the urban form has a decisive effect on air temperature independently of weather conditions. Temperature
variability appears to be driven essentially by surface conditions (especially urban morphology and soil sealing). However, this
claim should be nuanced by noting that, for this measurement campaign, weather conditions were similar with little wind and few
clouds during the daytime, thereby maximizing the influence of surface properties on local air temperature.

- Accordingly, urban form has a greater effect on air temperature when spatial temperature constraints are strong and wind speed is
low. Under windy conditions, temperatures become more uniform across the city, the weather takes the upper hand and the
temperature pattern reflects spatial structures of a larger scale, thereby reducing the influence of surface conditions.

The evenings when the surface contribution is weakest are the same for both typologies (CLC and LCZ), suggesting that the large-
scale weather patterns, especially wind speed, prevail over surface conditions at those times.

The LCZ typology is suitable for discriminating and understanding temperatures on a local scale, whereas CLC cannot readily
account for the diversity of intra-urban categories on a local scale. This is especially true for discontinuous urban zones.

The discriminating effect of CLC and LCZ categories on air temperature can be explained primarily by their intrinsic characteristics,
such as the impervious surfaces, the shape and size of the built area, the occurrence and type of vegetation. The most heavily vegetated
surfaces, with both grass and trees, and surfaces associated with the presence of water, very likely promote night time urban cooling
and may lead to the formation of UCIs. Even so, these zones are not widespread and vary in size. Developments such as allotments, and
not just large zones of vegetation, may play a part in improving thermal comfort on summer evenings and nights. Less dense, more
scattered buildings and the presence of a vegetation zone in residential areas are developments that are generally cooler than the city
centre, conducive to UCIs within urban environments. The results achieved in this work suggest therefore that vegetation in cities is a
primordial condition and recurrently effective over time for cooling urban air on evenings following sunny days with little wind.
Vegetation in the city therefore seems to be a type of land cover and surface state that can significantly attenuate UHI phenomena and
so help cities adapt to climate change while providing ecosystem and landscape services.
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