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Abstract

A heatwave (HW) is a large-scale meteorological event characterised by persistent and extremely
high-temperature condition. At the local scale, the urban heat island (UHI) is another
thermal-related phenomenon defined as an urban area warmer than its surrounding regions due to
different surfaces’ capabilities to absorb and store heat. However, the assessment about the effect
produced on UHI by HW events is not homogeneous. Indeed, regarding the capability of HWs to
influence the urban-rural temperature difference, several studies report different conclusions
describing both an exacerbation and a reduction of UHI during HW events. In this context, the
present study analyses in situ long records of temperature measurements (20 years) to provide
observational shreds of evidence of UHI modification under HW conditions. We examine data
from the European Climate Assessment & Dataset and World Meteorological Organization
computing the UHI index (UHII) to quantify the UHI effect intensity in 37 European cities during
the last 20 summers. The results show an UHII intensification for 28 of the 32 cities affected by
positive UHI during extremely high temperatures at night, while substantial variations are not
observed during the daytime. The time evolution of UHI during a HW highlights that a more
significant and persistent urban-rural temperature gradient explains the UHI intensification.
Finally, the relationship between the large and local-scale temperature phenomena reveals that
continental high-temperature periods are often associated with prominent temperature differences
between small-scale urban and rural environments, assessing the impact of large-scale features on

thermal stress at the local scale.

1. Introduction

A heatwave (HW) is a meteorological phenomenon
that features large-scale persistent high-temperature
conditions and can severely affect urban and rural
environments. Two examples of impactful episodes
experienced by the European continent are the 2003
Central Europe HW, characterised by reiterated tem-
peratures of 35°C to 40 °C which caused economic
damages superior to 13 billion euros [1] and more
than 70000 life losses [2], and the 2010 Eastern
Europe/Russia HW, that provoked more than 50 000
deaths in several countries [3]. The Sixth Assessment

© 2022 The Author(s). Published by IOP Publishing Ltd

Report of the IPCC [4] stated that it is virtually
certain that HWs have become more frequent and
intense since the 1950 s, and this trend will con-
tinue in the following decades due to climate change
[5-7].

At the local scale, urban areas can be subject
to another heat-related phenomenon termed urban
heat island (UHI), defined as a significant temper-
ature difference between urban and surroundings
environments [8], with generally higher temperature
differences at night than during the day for a more
stable atmosphere. According to [9], UHIs originate
from differences in urban and rural cooling and
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warming rates due to numerous factors as radiation,
sensible/latent heat fluxes, advection and anthropo-
genic sources [10]. For example, while in rural areas
the vegetation cools down the air by transpiring
water from plant leaves, the urban buildings restrain
wind flows and traps the release of radiative solar
energy. Consequently, the urban surface stores heat
and establishes a positive urban—rural temperature
gradient AT, especially three to five hours after sunset
when rural areas cool off faster than urban.

The occurrence of HW can significantly modify
UHI characteristics, considering that clear sky condi-
tion promotes an increment in incoming shortwave
radiation, the high temperature reaching the upper
levels inhibits the advective cooling effect, and the
released anthropogenic heat increases due to higher
air conditioners demand [11]. It is therefore reason-
able to expect an UHI magnitude intensification con-
currently with HW events. At the same time, the pos-
sibility of HW-drought co-occurrence [12] must be
taken into account, possibly generating more severe
impacts than the occurrence of individual extremes
especially on water scarcity in soils [13]. Indeed, poor
rainfall produces a diminution in soil wetness, redu-
cing the evapotranspiration cooling effect in rural
areas whereas the impact on urban temperature is
minimum [14], and UHI can undergo a decrease dur-
ing HWs [15].

Numerous studies examined the interaction
between these two different scale phenomena fol-
lowing various approaches. Employing numerical
simulations, many studies assessed the existence of a
synergistic behaviour producing intensified urban—
rural temperature differences in HW conditions espe-
cially in US locations [16, 17], also suggesting that
added heat stress in cities is higher than the sum of
the background UHI and the HW effect [18]. Con-
versely, other numerical studies such as [19] retrieved
the absence of significant HW-UHI synergistic inter-
action, even for the USA [20].

Besides the modelling approach, also observa-
tional studies addressing different locations and
HW events examined the UHI-HW interaction.
For example, [21] retrieved an UHI increment in
Madison, USA, during summertime HWs and the
same is found for the metropolitan city of Kara-
chi, Pakistan [22], for Beijing [23] and for Athens
[24] especially during nighttime. A study regarding
Shanghai [25] evidenced an UHI amplification dur-
ing HW depending on localized effects, retrieving that
less urbanized districts were generally more sensit-
ive to this synergy. Also different rural backgrounds
are proven to be crucial in determining the HW-
induced UHI augmentation, particularly the rural
evapotranspiration cooling effects based on humid-
ity and vegetation type [26]. On the other hand, in
[14] and [27] observational and reanalysis data were
used to analyse UHI intensity during hot temperature
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extremes in France and in Portugal, and did not find
significant UHI-HW interactions.

Along these lines, [28] currently reviewed the sci-
entific literature on UHI-HW interaction concluding
that most examined studies indicate an UHI increase
during HWs, although others detect no significant
synergy or even a reduction of UHI intensity during
HWs. However, the lack of widely accepted multi-
scale modelling approaches and inhomogeneities in
data and methodologies adopted blur the picture
on UHI-HW interaction and raise questions on its
robustness. In [28] several research gaps highlight the
necessity to investigate multi-year datasets instead of
single HW events and the importance of considering
an ensemble of cities with different characteristics to
reveal the large-scale general trend. The present study
attempts to fill these gaps for the European continent,
refining the methodology used by [29] which invest-
igated a large ensemble of USA cities through in situ
meteorological records and observed a reduced UHI
intensity during warmer synoptic conditions, a res-
ult remarkably in contrast with the majority of stud-
ies. Bearing also in mind the different morphology of
European and USA cities [30], it is therefore unclear
whether European cities behave like those examined
by [29] or they follow the dominant paradigm of pos-
itive UHI-HW correlation. Our approach can help
clarify this question and can complement existing lit-
erature on specific case studies for European cities
(e.g. [31-33]) by providing an unprecedented assess-
ment through observational data for Europe about
impacts of large-scale features on thermal stress at
local scale. In particular, we evaluate the HW effects
on UHI in 37 European cities over a period of 20 years
with an empirical approach, estimating UHI intensity
from daily minimum/maximum temperature meas-
ured by stations. We focus particularly on summer
nighttime, when UHI effect is generally more pro-
nounced and dangerous for human health [34].

Section 2 contains the description of the data-
sets employed, definitions and analysis methods.
Section 3 presents the results about the UHI-HW
relationship. Section 4 provides a concluding dis-
cussion of the study and suggestions for future
developments.

2. Data and methods

2.1. Data sources

In this study we examined the temperatures of
European urban and surrounding areas employing
stations data gathered by European Climate Assess-
ment & Dataset (ECA&D [35] and [36]) and by World
Meteorological Organization network (WMO [37]),
provided by NOAA’s National Centers for Environ-
mental Information (NCEI). The analysis covered
20 years (2000-2019) of boreal summers (June, July
and August), following recommendations of [38] and
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Table 1. Cities analysed with the coordinates of the city centres. Source: Wolfram Knowledgebase™ [47].

List of selected locations

Location Latitude Longitude Location Latitude Longitude
1) Aachen 50.77 N 6.09 E 20) Karlsruhe 49.00 N 8.04 E
2) Amsterdam 52.37N 489E 21) Leipzig 51.35N 1240 E
3) Antwerp 51.22 N 442 E 22) Lisbon 38.72 N 9.14 W
4) Athens 37.98 N 23.73 E 23) Ljubljana 46.06 N 1451 E
5) Berlin 52.52 N 13.38 E 24) London 51.50 N 0.12W
6) Bologna 44.50 N 11.34 E 25) Madrid 40.42 N 371 W
7) Bremen 53.08 N 881 E 26) Malmo 55.61 N 13.02E
8) Brussels 50.83 N 433 E 27) Mannheim 49.50 N 847 E
9) Budapest 47.51 N 19.08 E 28) Munich 48.14 N 11.58 E
10) Catania 37.50 N 15.08 E 29) Nuremberg 49.45 N 11.05E
11) Cologne 50.95 N 6.97 E 30) Paris 48.86 N 2.34E
12) Copenhagen 55.68 N 12.57E 31) Saarbrucken 49.25N 6.97 E
13) Dresden 51.05N 13.74 E 32) Stockholm 59.33 N 18.07E
14) Dublin 53.33 N 6.25W 33) Stuttgart 48.79 N 9.19E
15) Frankfurt 50.12 N 8.68 E 34) Toulouse 43.62 N 145 E
16) Goteborg 57.72 N 12.01 E 35) Vienna 48.22 N 16.37 E
17) Hamburg 53.55N 10.00 E 36) Zagreb 4580 N 1597 E
18) Hanover 52.40 N 9.73E 37) Zurich 47.38 N 8.54E
19) Helsinki 60.17 N 2494 E

[39]. Additionally, to select the appropriate stations
for UHI analysis we took advantage of the urban cli-
mate dataset provided by Copernicus Climate Change
Service (C3S [40]) and of land cover characterist-
ics furnished by CORINE Land Cover 2018 invent-
ory (CLC [41]). For HW identification we used the
ECMWEF Reanalysis 5th Generation (ERA5) dataset
[42], which provides hourly data on atmospheric,
land-surface and sea-state parameters on regular
latitude—longitude grids at 0.25° x 0.25° resolution.
Since the purpose was to detect large scale HW phe-
nomena, ERA5 dataset was chosen as in [43], also due
to its documented applicability for developing heat-
related quality-checked products (see [44, 45]).

2.2. Method to select cities and weather stations
The selection of weather stations started from
European cities having more than 150 000 inhabitants
[46] and with available temperature data in ECA&D
or WMO repositories. We employed three parameters
to ensure the uniformity of the analysis and to reduce
the heterogeneity of dataset characteristics:

(a) The maximum distance of urban and rural sta-
tions from the central point of the city (according
to the coordinates provided by [47] and reported
in table 1), necessary to guarantee a homogen-
eous analysis among cities with different sizes.
We considered urban stations within a distance
D < 10 km from the city centre, a choice suppor-
ted by checking the European Urban Atlas [48]
which suggested this value as the average radius
of the urban area for analysed cities. Rural sta-
tions were selected at a distance 10 < D < 35km
from the city centre, with an additional check

(b)

()

on stations positioned near 10 km to distinguish
urban from rural ones. The 35 km threshold fits
in the range between one and 50 km identified
by [49], which reviewed studies about effects of
rural extent on UHI. This adopted parameter
was similar to [29] to have a solid reference and
to enable comparisons with another study focus-
ing on highly populated cities through obser-
vational data. Other thresholds like 20 km as in
[50] were tested for rural distance, obtaining
unaltered results;

the maximum height difference between urban
and rural stations, necessary to remove the
impact of topography on UHI evaluation. The
average altitude difference between urban and
rural stations AH was established to be smal-
ler than +70 m. This threshold differs from the
+30m indicated by [51] to increase the num-
ber of stations included and the analysis strength.
We also performed sensitivity tests using £30 m
without noticing significant variations in the
results;

a check of land cover like in [29], since [52]
recommends to select rural areas in terrains sur-
rounded by natural properties, without densely
constructed buildings. We imposed that urban
stations must present land cover characterist-
ics of urban areas according to the rural-urban
mask of C3S based on CLC inventory, also dis-
cussed in [53]. The CLC’s method classifies each
pixel obtained on satellite images into different
land cover classes, as described in [54]. Although
C3S does not provide this mask for all the cit-
ies analysed, we were able to reproduce it for
the missing locations following the C3S method,



I0OP Publishing

Environ. Res. Lett. 17 (2022) 124013

M Possega et al

60°N

55°N

50°N

Latitude

45°N

10°W 0°

locations reported in table 1.

Figure 1. Geographical distribution over the European continent of the cities composing the final dataset. The numbers refer to

10°E 20°E
Longitude

which does not distinguish urban from suburban
areas and considers no urban zones as rural.

2.3. Selection results

Following the described methodology we were able
to identify 37 cities. The geographical distribution of
these cities (figure 1) covers areas with different geo-
graphical features of the European continent such as
latitude, distance from the sea and altitude.

Figure 2(left) shows the percentage of stations
located at different distances from the city centres,
where more than 80% of the stations are placed
at a distance D < 8km from the city centre. Rural
sites exhibit a homogeneous distribution from 15 <
D < 35km, while only a small percentage positioned
between 9 and 15 km (figures S1 and S2 in the sup-
plementary material display the location of each sta-
tion). Figure 2(right) contains the histogram of rural
stations settled at various height difference |AH|
from the city centre and shows more than 50% of
the stations attending the |[AH| < 30m [51], while
the more |AH| increases, the less the number of
stations. Despite the abundance of rural stations
with |[AH| > 30m, we considered that the temper-
ature difference produced did not significantly affect
our analysis which regarded the differences during
HW and NO days, when this altitude effect acts
likewise.

2.4. Method for heatwaves identification

To identify HWs we reproduced the methodology of
[39], based on gridded and multi-year datasets and
applied specifically to the European continent. For
each ERA5 gridpoint we evaluated daily temperat-
ure anomalies with respect to the 2000-2019 clima-
tology extracted from the ERAS5 dataset. We iden-
tified extremely hot days when anomalies exceeded
the upper 95th percentile (Tys) of the local prob-
ability density function, computed for each day d
using the 21 d centred moving average (d — 10 and
d+10) along the 20 summers of temperature data.
We selected each city reference gridpoint nearest
to the coordinates shown in table 1. To take into
account the spatial extension of HWs and to avoid
considering isolated hot gridpoints, we required that
Tys threshold had to be overcome in at least 60% of a
square of side L = 1°, namely a 5 x 5 gridpoints mat-
rix centred on the city reference gridpoint. If these
two criteria were satisfied for at least three consec-
utive days, we labelled all days in this time inter-
val as HW days. All days not considered HW days
were defined normal summer days (NO) as in [38].
To verify the reliability of the results, we examined
other HW definitions involving different thresholds.
In particular, we tested the definition based on the
temperature 90th percentile for three days persistence
applied by [55], and the definition used by [56], shift-
ing the temporal threshold to four days.
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Figure 2. Characteristics of meteorological stations employed: on the left histogram of the distance D from city centres of urban
(cyan) and rural (red) stations; on the right histogram of the height difference | AH| from the city centres of rural stations.
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2.5. UHI Index

We determined for each city the daily intensity of UHI
effect by calculating a Composite UHI index (UHII)
as defined in [57] and [58]:

UHII = Ty — Tk, (1)

where Ty and Ty are the urban and rural temperat-
ures, respectively, and the overline indicates that val-
ues are averaged over all the employed stations. Com-
pared to the original definition based on a couple
of observations [59], this UHII was chosen since it
allows to reduce the impact of site-specific variability.

2.6. Methods of temperature-related analysis

The first part of the analysis investigated the different
behaviour of the UHI index during HW and NO con-
ditions from a statistical perspective, by comparing
the mean UHII during HWs (UHIIiw) to the mean
UHII during NO days (UHIIyo), calculating separ-
ately the case for nocturnal and for diurnal values.
The results for daytime exhibited negligible variations
of UHII during HWs, while considerable modifica-
tions were retrieved for nighttime UHII, so a detailed
analysis was focused on nocturnal UHII. We per-
formed a Welch t-test [60], reliable for two unequal
sample sizes [61], to reject the null hypothesis that
the two samples belonged to the same distribution.
To compute the t value, we employed the effective
sample size estimated as in [62]. To retrieve the poten-
tial effects of intra-seasonality for each city, the intra-
seasonal cycle of UHII for each day was calculated
and averaged over the 20 years of data, and compared
with the UHII daily anomaly computed respecting
this intra-seasonal cycle. We also investigated the fre-
quency of positive UHII days during NO and HW,
and we explored the Pearson correlation among UHII
and some cities’ characteristics.

The second part concerned the UHII temporal
evolution during HW occurrences, also in relation to
the behaviour of large scale temperature anomaly Ty
with respect to computed Tgs. The aim was to ana-
lyse HW impacts on UHI more precisely with respect
to the statistical investigation, observing shapes and
shifts of the signals. We standardised both UHII and
Tan by their climatological values (2000-2019). In
particular, urban and rural temperature data (and
their AT) relative to the same lag day i with respect to
HW onset were averaged over the number of HWs for
each city, obtaining a mean value T;. Then, we stand-
ardised these mean values to scale the UHI modi-
fications according to the different city features. The
standardised temperature T; referring to lag day i was
calculated for every city as

~ T,—T

T; , (2)
OT;

i

where o is the T relative standard deviation, and T'is
the 20 years climatological value, including both HW
and NO days. To identify possible temperature spikes,
we determined the temperature values of each HW
day d calculating the moving average of the interval
between d — n - ryw and d + n - rw, where riy 1s the
HW duration and # is an integer set equal to 1,2 or
3, and then we compared the results to those previ-
ously obtained. Finally, we evaluated the correlation
between UHI and T,y intensities.

3. Results and discussion

3.1. Characteristics of identified heatwaves

The methodology presented in section 2.4 identi-
fied from 1 to 10 HW events for each city (table 2).
Figure 3 shows the geographical distribution of HW
properties across the European cities, highlighting the
average HW duration and the average HW intensity.
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Table 2. Number of detected HWs for each location.

Location Number of HWs Location Number of HWs
1) Aachen 7 20) Karlsruhe 7
2) Amsterdam 5 21) Leipzig 4
3) Antwerp 9 22) Lisbon 2
4) Athens 1 23) Ljubljana 5
5) Berlin 5 24) London 6
6) Bologna 3 25) Madrid 9
7) Bremen 7 26) Malmo 2
8) Brussels 10 27) Mannheim 6
9) Budapest 10 28) Munich 7
10) Catania 3 29) Nuremberg 8
11) Cologne 7 30) Paris 6
12) Copenhagen 3 31) Saarbrucken 6
13) Dresden 6 32) Stockholm 5
14) Dublin 2 33) Stuttgart 5
15) Frankfurt 7 34) Toulouse 4
16) Goteborg 3 35) Vienna 8
17) Hamburg 6 36) Zagreb 6
18) Hanover 7 37) Zurich 6
19) Helsinki 1

60°N

55°N

50°N

Latitude

45°N

Mean HW duration

6
Days

3

Mean HW intensity
Moderate [0-1] °C
w Strong [1-2] °C
= Severe [2-3]°C
m Extreme [3-5] °C

10°W 0° 10°E
Longitude

HWs detected, while the colour depicts the average HW intensity.

Figure 3. Geographic distribution of heatwave features for analysed cities: the dot size indicates the average duration [days] of

20°E

The latter describes the mean large scale temperature
anomaly Ty during HW events. The average HW
duration for the 37 cities varies between three and
six days, but for 28/37 cities it does not exceed
four days. The HW intensity classification presented
in figure 3, often employed in marine HW studies
[63], shows that 27% and 51% of cities experi-
enced strong and severe intensity events since 2000,
respectively.

3.2. Analysis of the UHI-HW relationship

We analysed the behaviour of UHI during NO days
and HW days for the 37 selected cities. The res-
ults for daytime UHI revealed negligible variations
of UHII during HWs, while substantial modifica-
tions were observed for nighttime, regarding which
we addressed the in-depth analysis. Figure 4(a)
shows nocturnal UHIIno and UHIlw values with
the corresponding standard deviation for each city,




10P Publishing

Environ. Res. Lett. 17 (2022) 124013

M Possega et al

(a) Mean noctural UHII

10

& T
= 2 = @
2 3 22
>~ = —~ > =
5 I c £ o > 2%
= = ) S ~ 8 5 < 2 S > <
8 g2 L 3 e 858¢82-a82¢¢
i L > ~ B &5 > ~ —_ = = =2 ~ X 9 o = 8 3
) S 2282852 c3w 2858222238325 5353
P < 203 ,28332232253,3€5L s ¢ 88
X L 522823835 ,22 2% cacEc585R388P888g3
6 88 . 588523 ETP 3 £ 2E2FE85L23882h8 @BEND
2eg558 -5 g o< s 8 a5 3825350 a o S
C 0282 c 8 £ € S 9 8<3 8 c s Qs
s 25,22 ® % 3¢ Z E& T = <
gs.igogomgg < o0
2 £ ]
4 22 8 ESS
1 S 58 8 N< s}
T8 8=

Copenhagen (99)

Nighttime UHII [°C]

5= | Lisbon (90)
|
T
1
T
1
|
L
i
|
=
[ r—
|
T
T—e——
i N
|
i
|
|
i
|
1
i
|
T
|
|
i
|
i
|
1
i
|
|
|
|
i

Location

(b) Percentage difference of positive UHII days

Mannheim (68 - 68)

Leipzig (33 - 42)
Malmo (40 - 54)
Toulouse (53 - 63)

HW-NO Difference of Days with positive UHII [%]

Saarbrucken (96 - 96)

Dresden (95 - 97)

c o P
@ © o E © - o = = 2 o E 3 c agw
5 c 8 c 5 = 3 c c o
g8 5858 s38¢£5:5s g25238¢ 28825558
o 2 ] 8 o o £ B & T < 5 © ®© o x o = D
£ 2 =] 8 E & 9 o £ @ S 2 - 6 &
0s 52 S38 8 2 3% 28I > g 88330 883%s8g35¢sg
QT & N < ) 4 5 g &£ -~ ~ @ > = =0 < H O = = 5 &
o N =~ & = aZ <O Y X —~ T SR QO > - 2 0 &
(_)ﬁ C’)v—mw 5] — @ N~ © © mmcacnm c.)"mmmc.)""*
W= 3 & W oo 0B L N - B o 2 N NV o PR e 228
T O RO CE RS S TS S Ll oo 28 O =Ny >
- g s o 8 % o [ ] + & S o © 0 8 S S o 2 S o © S 8
3 © 0o o o o - - & - o2 2 =0 T 28 o x-=-2 8 8
PR e L =22 a8 28<Tg SRR = z8g-z-ccé8s8
30| = N S [ z T T
-40
-50
Location

Figure 4. (a) Mean and standard deviation of nighttime UHII values, where for each analysed city the blue dot indicates UHIIno

and the red dot is UHIIw. The numbers between parentheses represent the statistical significance, and filled dots refer to results
with significance > 95%. (b) Difference between HW and NO of the percentage of days with positive UHIL The numbers

between parenthesis are HW and NO percentages.

computed averaging respectively over NO and HW
days for the 20 summers. The cities are sorted by
the magnitude of UHIlyo, where some of them
presented negative values, indicating that the adopted
methodology did not sample the UHI effect for a sub-
set of cities. Excluding not statistically significant res-
ults, only Copenhagen exhibited UHII < 0 values.
Focusing on the subset of 32 cities where a posit-
ive UHIINo was retrieved, we see that for 28 out of 32
the UHII increases during HW days. The intensific-
ation is on average 0.7 °C (roughly 50% of the aver-
age magnitude of UHIIxo). The Welch t-test revealed
that 18 out of 28 cities presenting UHII increment
provided statistically significant results with a con-
fidence level p = 0.05, while 10/28 did not (p > 0.2).
The test described in section 2.6 regarding the poten-
tial influence of intra-seasonality showed that UHII
values did not depend on intra-seasonal variability.
Indeed, the comparison between the intra-seasonal

cycle daily anomaly of UHII with respect the UHII
previously computed produced negligible variations.

To observe the impact of different HW definitions
on presented results, we reproduced the analysis of
figure 4(a) modifying the HW temperature and dur-
ation thresholds (as [55] and [56]). The outcomes
showed slightly different values, but the behaviour
was the same retrieved with the [39] methodology
for all the cities with statistically significant results.
Indeed, the obtained results confirmed the increment
of nocturnal UHII for all significant locations with
positive UHIIyo.

Figure 4(b) shows the HW-NO percentage dif-
ference of days with positive UHII. Here, 25 out of
the 32 cities with UHIIxo > 0 exhibited an increase
in percentage, and 18/25 were statistically significant.
The amplification of UHII and percentage of days
appeared slightly linearly correlated (Pearson correl-
ation coefficient of about 0.5). This figure helps to
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Figure 5. Temporal evolution during HW events averaged over the selected cities: (a) is the standardised urban temperature, (b) is
the standardised rural temperature, (c) is the standardised urban—rural AT and (d) is the standardised large scale temperature
anomaly with respect to Tys. The black dashed lines represent the mean value obtained averaging on cities which exhibit positive

UHI effect, while the green area is the standard deviation.

understand the contribution of UHII > 0 frequency to
the intensification during HWs. In particular, we dis-
tinguish three groups with different behaviours. The
left side of the graph contains cities having UHIIno
and irregular variations in the percentage. The central
area includes (with few exceptions) locations exhibit-
ing relatively small UHIIyo values, but UHIIyo > 0
percentage undergoing large increment for days with
UHIIgw > 0, meaning that UHI exacerbation was
due to a higher frequency of positive UHI nights. The
right side shows cities presenting high UHIIyo val-
ues, and a UHIIyo > 0 percentage near 100% which
did not experience substantial modifications during
HWs, so the primary cause of UHI exacerbation were
larger UHII values, rather than higher frequency of
UHII > 0 days.

We analysed the characteristics of cities and sta-
tions to detect common features between locations
showing similar UHII behaviour. We evaluated lin-
ear correlations between UHII values and several
variables, i.e. urban altitude, population, latitude,
longitude, distance from the sea, urban-rural stations
AH and urban-rural stations distance. Nonetheless,

no significant correlations were retrieved (Pearson
coefficient always smaller than |0.36]). Small correl-
ation between UHII and urban-rural stations AH
confirmed the possibility to extend the AH < 30m
threshold proposed by [51] without noticeably affect-
ing the analysis.

After the statistical UHII variations between NO
and HW periods, we analysed the temporal evol-
ution of nighttime temperatures and UHII during
HW events. Figure 5 depicts the behaviour from 10d
before to 14 d after HW onset of urban and rural
standardised temperature and their AT (represent-
ing the UHI), retrieved by averaging over the 32 cities
with a positive UHIIyo . Both urban and rural tem-
perature (figures 5(a) and (b)) show a symmetrical
evolution, gradually increasing from day 0, reaching
the peak around day 3—4 and then diminishing, but
with significant differences. The most relevant is the
discrepancy between the two maximum values of Ty
and Tf, indicating that a few days after HW occur-
rence the urban temperature tended to amplify more
than rural temperature, reaching higher absolute val-
ues. Observing the trend of the two curves before and
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Figure 6. Binned scatter plot between large scale Tan with respect to T9s and nocturnal urban-rural AT, including all data during
both NO and HW days relative to 32 cities with UHIIno > 0. Black dots refer to HW days exhibiting a peak in UHI averaged for

each city.

after the peaks, we also notice that urban temperat-
ure begins to grow before the rural, even a few days
before the HW development, and then needs more
days to stabilise around the climatological mean. We
reproduced these curves modifying the HW temporal
definition, extending the three days threshold to four
and five days. The asymmetric behaviour of UHI was
confirmed, so results were qualitatively independent
from the methodology. To facilitate the comparison
with [29], we also computed the coefficients of the
linear regression between Ty and Tg. Contrarily to
[29], we obtained a slope greater than 1 indicating
that Ty increased more than Ty during warmer con-
ditions, confirming for our analysis the exacerbation
of UHI during HW events.

The evolution of standardised mean urban—rural
AT (figure 5(c)) confirmed the intensification of UHI
during HW days, with an evident growth starting
before HW onset and reaching its maximum three
days after day 0. To quantify the impact of anomal-
ous spikes in temperature values, we conducted the
test through moving average described in section 2.6
Even with these modifications, the results demon-
strated a similar behaviour as that in figure 5(c),
describing a growth in UHI a few days before the HW
onset. This asynchronicity between the evolution of
the HW and its imprint on the UHI is also retrieved
n [14], where maximum UHI occurs before or dur-
ing the first few days of extreme warm weather, and
they use it to prove the absence of temporal correl-
ation between UHI and HWs. However, in our case
figure 5(d) allows to put this result in a different
context, representing the standardised mean large
scale Tan during HW periods. We notice that the
raise of AT begins simultaneously with the increase
in Tan, almost a week before the HW onset. During

the first days of HW, when the maximum values of
temperature anomaly are reached, also the UHI AT
experiences an enhancement.

Figure 6 shows a binned scatter plot between large
scale Tan and nighttime urban—rural AT including
all data during both NO and HW days for the 32 cit-
ies with UHIIno > 0. The black dots concern days
exhibiting the peak of UHI averaged for each city.
An increasing trend of AT with growing temperat-
ure is noticeable, verifying that UHI effect was exacer-
bated depending on temperature intensity. The black
dots revealed that the UHI peaks of ~2°C lie in a
range around Tyn = 4°C, but the highest values of
UHI were found for lower values of Txyn (about 0°C).
This indicates that the behaviour of UHI is partially
linked not only to temperature magnitude, but also
to the duration of extreme heat conditions. In fact
the greatest AT regard even NO conditions, events
not sufficiently hot or prolonged to be considered
HWs. Moreover, we can observe an almost symmet-
rical behaviour of UHI minima and maxima at Tay =
—10°Cand 0°C.

4, Conclusion

This study investigated the relationship between
HW and UHI. To this end, the daily maximum
and minimum temperature records (for diurnal
and nocturnal UHI, respectively) measured by met-
eorological stations in 37 European cities were
investigated by distinguishing HW days from non-
HW days during the summers from 2000 to 2019.
We adopted a methodology that allows to select
appropriate urban and rural stations, considering
different characteristics of the station site such as alti-
tude, distance from the city centre and land cover.
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We quantified the UHI magnitude with the composite
UHI index (UHII) that is designed to reduce the role
of site-specific variability. A HW was defined in this
study as a persistent large-scale temperature anomaly
diagnosed in reanalysis data.

We found that for the majority of examined cit-
ies the nocturnal UHII features a positive climatolo-
gical mean that increases during HWs on average by
0.7°C. These cities also showed an increment in the
percentage of days with positive UHII. The analysis
of the temporal evolution of UHII during HW peri-
ods highlighted that the intensification of the UHII
is explained by a larger and more persistent increase
of urban temperature with respect to rural during
a HWs. The intensification peaks at about 1.3°C,
three days after the HW onset, but notably the incre-
ment of urban—rural temperature difference starts to
strengthen even one week before the HW peaks, mak-
ing the UHI signal a de facto precursor of HW events.
The analysis of the relationship between large-scale
temperature anomalies and UHII revealed a smooth
and continuous relationship between large scale tem-
peratures and UHII, but a large variability. The lack
of a threshold behaviour in this relationship suggested
that large-scale temperature variability can affect UHI
atlocal scale not only during extreme events. This res-
ult can be informative for studies that investigate the
relationship between UHI and global warming.

The statistical analysis of temperature data in a
large ensemble of cities with remarkably heterogen-
eous characteristics described in this study is inad-
equate to shed light on details of physical mechanisms
regulating the UHI-HW interaction and of drivers
at play. However, it can provide valuable informa-
tion in the effort to conceptualise the UHI-HW rela-
tionship and its multi-scale nature. Indeed, being
able to detect features of the UHI-HW synergy that
are common to many cities can provide guidance to
develop simple models on how synoptic meteorolo-
gical conditions affect the UHI, and can foster the
development of simplified large-scale methodologies
for the assessment of health-related threats of temper-
ature extremes in urban environment. For instance,
results in figures 5 and 6 suggest that, while UHII
and large scale temperature are strongly correlated
(figure 6), HWs phenomena should exhibit synop-
tic conditions that favour a strong UHI even when
the large-scale temperature anomaly of the HW is
not mature (figure 5(c)). This is an indication to fur-
ther explore the UHI-HW relationship focusing also
on the synoptic scale circulation before the HW has
reached a mature stage. Along these lines, future stud-
ies could look for meteorological variables other than
temperature that exhibit a sharp collapse like the one
found in figure 5(c). Moreover, the temporal asym-
metry found in the UHI-HW lead-lag relationship
can per se provide guidance in prospective develop-
ment of early warning systems.
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This study provides observational evidence of the
synergistic interaction between the nighttime UHI
and HWs by applying for the first time a homogen-
eous methodology to in situ observations in a large
cluster of European cities. Overall the results for data
presented in this work support the conclusion that the
UHI exhibits an exacerbation during HW events in
the majorities of European cities, and this is becom-
ing an increasingly dominant paradigm in scientific
literature (see [16, 26, 28]). Our results suggest that
the conclusion reached by [29], who with a similar
methodology found a reduction of the UHI during
hot days in many US cities, do not hold for the major-
ity of European cities analysed in our study, which is
in accordance with recent existing literature on case
studies (e.g. [31-33]). Nonetheless, the emergence in
our study of predominantly negative UHII values in a
small cluster of cities may deserve attention in future
investigations.
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