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Abstract: An important indicator of climate change is the diurnal temperature range (DTR), defined
as the difference between the daily maximum and daily minimum air temperature. This study
aims to investigate the DTR distribution in European cities of different background climates in
relation to the season of the year, climate class and latitude, as well as its response to exceptionally
hot weather. The analysis is based on long-term observational records (1961-2019) coupled with
Regional Climate Model (RCM) data in order to detect any projected DTR trends by the end of
the 21st century under intermediate and high emission greenhouse gases (GHGs) scenarios. The
analysis reveals marked variations in the magnitude of DTR values between the cities, on the one
hand, and distinct patterns of the DTR distribution according to the climate class of each city, on
the other. The results also indicate strong seasonal variability in most of the cities, except for the
Mediterranean coastal ones. DTR is found to increase during hot days and heat wave (HW) days
compared to summer normal days. High latitude cities experience higher increases (3.7 °C to 5.7 °C
for hot days, 3.1 °C to 5.7 °C for HW days) compared to low latitude cities (1.3 °C to 3.6 °C for hot
days, 0.5 °C to 3.4 °C for HW days). The DTR is projected to significantly decrease in northernmost
cities (Helsinki, Stockholm, Oslo), while it is expected to significantly increase in Madrid by the end
of the 21st century under both the intermediate- and high-emission scenarios, due to the asymmetric
temperature change. The asymmetrical response of global warming is more pronounced under the
high-emission scenario where more cities at higher latitudes (Warsaw, Berlin, Rotterdam) are added
to those with a statistically significant decrease in DTR, while others (Bucharest, Nicosia, Zurich) are
added to those with an increase in DTR.

Keywords: diurnal temperature range; climate change projections; heat waves; hot days; Europe;
trends

1. Introduction

Near-surface air temperature is a key element of weather variables, contributing to the
characterization of past, present and future climate. In all of its forms (mean, maximum,
minimum), it is an essential factor for studies related to climate change, mitigation and
adaptation strategies, weather and climate extremes, and more [1]. When the focus is
on changes in temperature extremes, an important indicator is the diurnal temperature
range (DTR), defined as the difference between the daily maximum and daily minimum
air temperature, thus reflecting the temperature variation within a day. The Expert Team
on Climate Change Detection and Indices (ETCCDI) has included the DTR in the list
of core indices [2]. Since the DTR captures the simultaneous changes in maximum and
minimum air temperatures, it is considered to provide more information than the mean air
temperature on its own [3].

Several studies have been conducted addressing the importance of DTR and its effect
on various sectors like human health [4-6], agriculture [7,8], ecosystems [9] and energy
consumption [10]. Research to date has also focused on investigating factors that influence
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DTR variability, either on a local scale or on a global scale. For instance, changes in urban-
ization levels [11,12], cloud cover [13,14], land use and land cover [15,16], soil moisture,
and precipitation [14,17] seem to have an impact on DTR by affecting the near-surface air
temperature. The recent study of Sun et al. [18] showed that the DTR is highly sensitive to
urbanization, contributing about 43.6% to the trend of DTR over the 1951-2018 period in
East Asia.

Many regions across the globe have been witnessing changes in both mean climate and
climatic extremes during the last decades [1]. At the same time, asymmetrical changes in
temperature extremes have resulted in DTR changes that are not uniform globally. Previous
studies have reported a reduction in DTR since the early twentieth century on global level,
with a positive DTR trend in the first half of the previous century and a significant reduction
thereafter [19-21]. Studies focusing on regional or local scales, like in Europe [22,23], the
United States [24,25], Japan and Malaysia [26], the Tibetan Plateau [27], and Canada [28],
have also detected a decreasing trend of DTR. However, even these decreasing trends
depend on the study period and time scale (annual/seasonal/monthly). The study of
Makowski et al. [29] has revealed a reversal in the DTR trend from decreasing to increasing
between the 1970s and the 1980s, depending on the region in Europe. Increasing trends
in DTR have also been reported in several regions, like Bangladesh during the monsoon
period [30], some regions in India [31,32], Spain [33] and the Baltic region depending on
the season [23]. Employing simulated global data coupled with atmosphere-ocean general
circulation models between 1900 and 2099, Zhou et al. [34] found a decrease in the global
DTR as well as in the zonal DTR of lower latitudes and subpolar region by 0.3 °C, 0.16 °C
and 0.61 °C in 2099, respectively. Simulating DTR-related processes is challenging for
climate models and, thus, evaluations of their latest versions are in the spotlight of scientific
research [35].

The changing climate state has led to more frequent and intense hot extremes and
heat waves across most regions in recent decades which, in turn, contribute to thermal risk,
especially in cities where the vulnerability of urban residents to heat waves is expected
to increase [1,36-40]. Recently, Kueh et al. [41] investigated the DTR variations during
heat waves in Taiwan and found that the minimum temperature is the primary controlling
factor for the variation in DTR.

The present study aims to address any DTR differentiations among 16 European
cities of different background climates based on past observations and future projections
along with the response of DTR under exceptionally hot weather. The study uses daily
observational temperature data from the European Climate Assessment Dataset covering a
period of almost 60 years (1961-2019) and daily projected temperature data from the RCA4
RCM, driven by the MPI-ESM-LR global climate model under two emission scenarios,
namely RCP4.5 and RCP8.5. In this work, the analysis is divided into three primary
strands. The first examines the annual and seasonal distribution of DTR and the second
examines the response of DTR under exceptionally hot weather in the selected cities based
on observational data and compares the results across cities in terms of their climate type
and latitude. The third strand analyzes the long-term trends in DTR (1971-2100), the
seasonal variation of DTR between past (1971-2000) and future (2071-2100) climates as
well as the response of DTR to exceptionally hot conditions in past and future climates, all
based on the RCM data.

2. Materials and Methods
2.1. Studied Cities and Observational Data

A total of 16 European cities were selected in this study, presenting a good geographic
distribution within the continent, and capturing diverse climate types (Figure 1). The
main climate types observed in the studied cities are the boreal, the warm temperate
and the arid, leading to the formation of six specific climate classes. In Table 1, the
geographical coordinates along with the elevation and the climate class for all analyzed
cities are presented. Each city’s climate class was based on the updated Koppen-Geiger
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climate classification [42]. According to this calculation scheme [42], the updated K&ppen-—
Geiger climate classification has been performed on the basis of the climatic variables of air
temperature and precipitation along with a dryness measure. The detailed multicriteria
scheme along with the thresholds can be found in [42]. A climate class was assigned
to each city, except Madrid. The climate in Madrid combines the characteristics of the
Mediterranean climate with those of the cold semiarid climate and, thus, both classes were
assigned to Madrid in Table 1. The six climate classes noted in the studied cities are (a) the
boreal climate, fully humid with warm summers (Dfb), (b) the warm temperate climate,
fully humid with hot summers (Cfa), (c) the warm temperate climate, fully humid with
warm summers (Cfb), (d) the warm temperate climate with dry and hot summers (Csa),
(e) the arid climate, cold steppe (BSk) and (f) the arid climate, hot steppe (BSh).

Figure 1. Geographical distribution of the selected cities in Europe (Map was created by using Google
Earth Pro; Map data SIO, NOAA, U.S. Navy, NGA, GEBCO; Image Landsat; Image IBCAO).

Table 1. List of the studied cities along with the coordinates and the elevation of the respective
stations as well as the climate class.

City Longitude (deg.) Latitude (deg.) Elevation (m) Climate Class

Athens (ATH) 23.72 37.97 107 Csa
Barcelona (BAR) 2.07 41.29 4 Csa
Berlin (BER) 13.30 52.46 51 Ctb
Bucharest (BUC) 26.08 4452 90 Cfa
Helsinki (HEL) 24.96 60.33 51 Dfb
London (LON) —0.45 51.48 25 Ctb

Madrid (MAD) —3.56 40.47 609 BSk + Csa
Nice (NCE) 7.21 43.65 2 Csa
Nicosia (NCO) 33.40 35.14 160 BSh
Oslo (OSL) 10.72 59.94 94 Dfb
Paris (PAR) 2.38 48.72 89 Cfb
Rotterdam (ROT) 445 51.96 —4 Cfb
Stockholm (STO) 18.05 59.35 44 Dfb
Vienna (VIE) 16.36 48.25 198 Ctb
Warsaw (WAR) 20.96 52.16 107 Dfb

Zurich (ZUR) 8.57 47.38 555 Cfb
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Daily maximum and daily minimum air temperatures were used for each city over
the period 1961-2019. The observational data were extracted from the European Climate
Assessment Dataset (ECA&D) [43] for all cities, with the exception of Athens and Nicosia.
The ECA dataset contains series of daily observations for a number of climatic elements
at meteorological stations throughout Europe and the Mediterranean. All data undergo
rigorous quality control in order to minimize the effects of changes over time in the way
the measurements have been made. The daily data for Athens were derived from the
historical climatic records of the National Observatory of Athens. In addition, the daily
data for Nicosia were obtained from the Ministry of Agriculture, Rural Development and
Environment (Department of Meteorology) in Cyprus. The studied period (1961-2019) was
selected based on the availability of daily data in the respective weather stations and, thus,
in 7 out of 17 stations, no missing values were found, while for the rest of the stations the
percentage of missing data corresponded to less than 0.5%.

2.2. RCM Simulations

In addition to the observational data, the simulated parameters of daily maximum
and minimum air temperature from the RCA4 RCM of the Swedish Meteorological and
Hydrological Institute [44] driven by the Max Planck Institute for Meteorology model MPI-
ESM-LR [45] were used. The RCA4 regional climate model has a horizontal resolution of
about 12 km (0.11°) and the simulated data were extracted for the closest land grid point to
the stations’ locations. The boundary conditions of the regional climate model RCA4 were
specified by the results of the global climate model MPI-ESM-LR. The simulations were
conducted in the framework of the EURO-CORDEX experiment under the intermediate-
and high-emission GHGs scenarios, namely the Representative Concentration Pathways
(RCPs) 4.5 and 8.5. In particular, the RCP4.5 is a stabilization scenario, where the radiative
forcing level stabilizes at 4.5 W/m? before 2100 by implementing climate change policies
for reducing greenhouse gas emissions [46]. In contrast, the scenario RCP8.5 represents
the pathway with the highest greenhouse gas emissions, where no climate change policies
are implemented, and the radiative forcing level reaches 8.5 W/m? [46]. All simulations
cover the period 1971-2100 with the 30-year time slice of 1971-2000 serving as the reference
period. This period was selected as the reference for two reasons. The first is related to the
quality and simultaneous completeness of the observational data among the considered
cities and the second reason concerns the fact that the changes that are being implemented
in the simulated data due to the selected scenarios start at the beginning of the 21st century.
The entire period 1971-2100 was used for the long-term trends analysis, while the 30-year
distant future period 2071-2100 was used for comparison reasons with the reference period
(1971-2000).

The empirical quantile mapping (EQM) technique was used for the statistical bias
correction of daily maximum air temperature, daily minimum air temperature and diurnal
temperature range. When using EQM, the observed empirical probability density function
(PDF) is used to correct the 1st to 99th percentiles of the predicted empirical probability
density function (PDF), while a constant extrapolation is used for lower or higher values
falling outside this range [47-51]. This technique is capable of correcting the discrepancies
in the distribution of the simulated parameters against the observed ones. This is achieved
by constructing a transfer function that has been calibrated over the reference period to
map quantiles from the empirical cumulative distribution function of the model output
onto the corresponding distribution of observations [47-51]. The references indicated above
provide further technical details on this technique.

2.3. Analysis

The response of DTR to exceptionally hot weather (hot days and HW days) was
examined in the current study. The identification of heat waves was based on an upper
percentile temperature threshold. In particular, the adopted definition assumes a period of
at least three consecutive days with the daily maximum air temperature (Tmax) above the
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95th percentile of its summer (June, July, August) distribution over the 1971-2000 reference
period (Table 2). Therefore, the days that met the criteria of duration and Tmax exceedance
were considered HW days. On the contrary, the days that only met the criterion of Tmax
exceedance regardless of the duration were considered hot days. The aforementioned HW
definition has been extensively used in the literature to capture a period of excess heat
(e.g., [37,41]). Table 2 presents not only the 95th percentile of Tmax based on observations
but also based on simulations over the 1971-2000 reference period. Both thresholds coincide
in the majority of the cities with the difference between they are up to 0.2 °C.

Table 2. The 95th percentile of Tmax based on observations and simulations in the summer (June,
July, August) over the 1971-2000 reference period for each city.

City 95th Percentile of Tmax 95th Percentile of Tmax
(Observations) (Simulations)

Athens 36.9 36.9
Barcelona 30.4 30.4
Berlin 30.8 309
Bucharest 34.4 34.2
Helsinki 27.3 27.3
London 29.0 28.9
Madrid 37.7 37.7
Nice 29.9 29.9
Nicosia 40.3 40.2
Oslo 27.6 27.5
Paris 31.2 31.2
Rotterdam 28.5 28.5
Stockholm 28.4 28.3
Vienna 314 314
Warsaw 30.0 30.0
Zurich 29.4 29.4

The ordinary least squares regression model was selected to analyze the long-term
trends of DTR along with the nonparametric Mann—-Kendall trend test for the assessment
of statistical significance of trends and for the detection of the starting year when the trends
become statistically significant (95% confidence level). In addition, the 95th percentile con-
fidence intervals as derived by bootstrap [52-54] were calculated to assess the statistically
significance of the means of DTR between the future period (2071-2100) and the reference
period (1971-2000).

3. Results
3.1. Distribution of DTR Based on Observations (1961-2019) per Climate Type

Figure 2 presents the relative frequency curves (RFCs) of DTR based on observational
data for all cities and for the period 1961-2019. A bin size of 1 °C was used for creating the
RECs. For a better presentation of the results, the RFCs of DTR were grouped according to
the climate type (Table 1), namely the boreal climate (Df), the warm temperate-fully humid
climate (Cf) and the warm temperate with dry summer climate (Cs) along with an arid
climate (BS). The RFCs of DTR in cities with a boreal climate (Dfb) show a right-skewed
distribution with a relatively similar pattern (Figure 2a). The DTR values with the highest
relative frequency are found at around 3.6 °C in Stockholm and reach up to 6.6 °C in
Warsaw. At least 95% of DTR values are less than 15 °C in these cities. The RFCs of DTR in
cities with a warm temperate climate that is fully humid with warm summers (Cfb) also
reveal right-skewed distributions (Figure 2b). The DTR values with the highest relative
frequency are found at around 5.3 °C in Rotterdam and reach up to 8.0 °C in Berlin. On the
contrary, the distribution of DTR in Bucharest, which features a warm temperature fully
humid climate with hot summers (Cfa) is left-skewed with a flattened curve. Therefore,
high relative frequencies are observed in a wide range of DTR values, with the highest one
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to be noted around 12.6 °C. Unlike the previous skewed distributions, the distribution of
DTR in cities featuring a warm temperate climate with dry and hot summers (Csa) appear
to be symmetrical (Figure 2c). The highest relative frequency is observed at around 7.1 °C
in Nice and reaches up to 9.2 °C in Athens. Finally, the RFCs of DTR in Nicosia (BSh)
and Madrid (Csa + BSk) indicate left-skewed distributions, resulting in increased relative
frequencies at higher DTR levels. In particular, the DTR values with the highest relative
frequency are found at around 15 °C in Nicosia and 17 °C in Madrid.
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Figure 2. Frequency distribution of DTR based on observations (1961-2019) grouped according
to the climate class of each city, namely the (a) boreal climate, fully humid with warm summers
(Dfb); (b) warm temperate climate, fully humid with hot (Cfa) and warm (Cfb) summers; (c) warm
temperate climate with dry and hot summers (Csa) along with arid climates, cold steppe (BSk) and
hot steppe (BSh) (bin size 1.0 °C).

3.2. Seasonal Variation of Mean DTR Based on Observations (1961-2019)

In Figure 3, the seasonal variation of mean DTR sorted by climate class and latitude is
shown. The results show strong seasonal variability in most of the cities, with the highest
mean DTR observed during summer, while the lowest noted during winter. During the
transitional seasons, the mean DTR values are formulated at intermediate levels, being
higher in spring than in autumn. However, this seasonal variability is considerably weak-
ened in the Mediterranean cities of Nice and Barcelona and to a smaller degree in Athens.
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The latter outcome probably reflects the proximity of these cities and especially of the
respective stations to the coastline. In addition, the mean DTR in winter shows some latitu-
dinal variability, being lower at the cities located at latitudes higher than that of Zurich,
ranging between 4.2 °C and 5.9 °C, compared to the cities at lower latitudes, ranging from
6.4 °C to 10.3 °C. However, the mean DTR values in summer and spring in these northern
cities reach similar or even higher DTR values compared to the coastal Mediterranean cities
of Nice, Barcelona and Athens. Madrid and Nicosia are the cities with the highest mean
DTR in all seasons, probably reflecting the characteristics of the arid climate along with
the high elevation in the case of Madrid. Bucharest follows with high DTR values in all
seasons except winter, an outcome that is probably related to the hot summer conditions
under a temperate fully humid climate.

60.33| Helsinki |
Autumn
Db 59.94 Oslo | . ... B Summer
59.35| Stockholm | — _
52.16] Warsaw | . [ SPIING
52.46] Berlin | [ Winter
51.96 | Rotterdam | ..
51.48| London | ...
Clo  T1872] Paris | ——
48.25) Vienna |
A7.38| Zurich | e
Cfa 44.52 | Bucharest | e
43.65 Nice __
Csa [41.29] Barcelona | —
37.97| Athens | .......
BSk+Csa [40.47| Madrid | e
BSh 35.14| Nicosia | e

O -
(6)]
A—
o
—_—
(6)]

DTR_.._(°C)

mean

Figure 3. Mean DTR per season sorted by climate class and latitude, based on observations (1961-2019).

3.3. Response of DTR to Exceptionally Hot Weather

In Figure 4, the comparison of DTR between summer normal days, hot days and
HW days based on observational data for all cities over the period 1961-2019 is shown.
It is evident that the DTR during both hot days and HW days is higher compared to the
DTR during summer normal days in all cities. In addition, the DTR during HW days
seems to be slightly lower than that during hot days in most of the cities by comparing
the means, the medians, and the interquartile ranges (lengths of the boxes). Although the
maximum air temperature is formed at roughly the same levels on hot days and on HW
days, the minimum air temperature appears to be a bit higher on HW days than on hot
days, which is what causes the observed modest variation in DTR. This is probably related
to the accumulation of heat due to compact and dense urban environment during nighttime
in cities in the occurrence of prolonged heat episodes.
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Figure 4. Distribution of DTR for normal days (green boxplots), hot days (orange boxplots) and HW
days (red boxplots) based on observations (1961-2019) in summer for all cities (a—p). Inside the box,
the white dot indicates the average and the horizontal line indicates the median. The box covers
the 25-75% percentiles and whiskers range within 1.5 times of the interquartile range. The black
rhombuses beyond the whiskers indicate outliers. The distinction between days (normal days, hot
days, HW days) was made according to the defined criteria in Section 2.3.

In particular, the mean DTR for normal summer days ranges between 8.0 and 10.5 °C
for all cities, except for Nice (6.8 °C), which shows lower mean DTR values and Nicosia
(14.6 °C), Madrid (16.0 °C) and Bucharest (13.6 °C), which present the highest values.
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Although the DTR during hot days and HW days is higher compared to normal days, the
observed changes vary between the cities. This can be better seen in Figure 5, where the
change of mean DTR between normal days and either hot days (Figure 5a) or HW days
(Figure 5b) per latitude along with the climate class is depicted. The change of the mean
DTR between summer normal days and hot days is greater for the cities in higher latitudes
featuring either boreal climates or temperate fully humid climates ranging from 3.7 °C to
5.7 °C (Figure 5a). In contrast, the change is less pronounced in cities with Mediterranean
or arid climates that range in temperature from 1.3 °C to 3.6 °C. This pattern is mostly
preserved when compared to HW days, although the changes in DTR are slightly lower in
most of the cities except London (Figure 5b).
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Figure 5. Change of mean DTR per latitude along with the climate class between (a) hot days and
normal days; (b) HW days and normal days, based on observations (1961-2019) in summer for all
cities. The geographical distribution of the cities and other details regarding coordinates, altitude
and climate class can be found in Figure 1 and Table 1, respectively. The distinction between days
(normal days, hot days, HW days) was made according to the defined criteria in Section 2.3.
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3.4. Trends in the Projected DTR (1971-2100)

Figure 6 presents the trends in the mean annual DTR based on simulations of the
period 1971-2100 under the RCPs 4.5 and 8.5, for all cities. A statistically significant
decreasing trend in mean DTR is projected for the cities at the highest latitudes (Oslo,
Stockholm, and Helsinki) under the RCP4.5, at a rate of —0.03 °C/decade, —0.03 °C/decade
and —0.07 °C/decade, respectively, suggesting higher increasing rates in the minimum
air temperature compared to the maximum air temperature (Figure 6a). At the same
time, the opposite result is projected for Madrid (statistically significant increasing trend,
+0.05 °C/decade), while no statistically significant trends in mean DTR are projected for
the rest of the cities.
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Figure 6. Projected DTR trends per decade sorted by latitude over the period 1971-2100 under
(a) RCP4.5; (b) RCP8.5. Statistical significance at the 95% confidence level is based on Mann-Kendall
trend analysis. Years in the parentheses denote the years when the trends become statistically
significant. The abbreviation for the name of each city can be found in Table 1.
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Regarding the RCP8.5 scenario, more cities are anticipated to experience a statistically
significant decreasing trend in mean DTR, including Berlin, Rotterdam, Warsaw, Oslo,
Stockholm, and Helsinki at higher latitudes and Barcelona at lower latitudes, with a rate of
decrease ranging from —0.02 to —0.12 °C/decade (Figure 6b). On the contrary, a statistically
significant increasing trend in DTR is projected in Madrid (+0.10 °C/decade), Bucharest
(+0.07 °C/decade), Nicosia (+0.03 °C/decade), and Zurich (+0.02 °C/decade), although
the trends in the latter two cities become statistically significant shortly before the end of
the century.

3.5. Seasonal Variation in DTR under Climate Change

In Figure 7, the seasonal distribution of DTR between the reference period (1971-2000)
and the future period (2071-2100) in each of the cities under the RCPs 4.5 and 8.5 is shown.
In order to achieve a more enhanced visualization of the connections and differences
between the cities, the seasonal changes of mean DTR between the future and reference
period were sorted by latitude as shown in Figure 8. The embedded red asterisks in Figure 7
and the red dots in Figure 8 indicate where the difference of mean DTR between the future
period and the reference period is found statistically significant at the 95% confidence
level according to the bootstrap method. In autumn, the DTR over the period 2071-2100
is projected to be lower compared to the DTR during the reference period in most of
the cities, with the mean difference ranging from —0.1 °C to —0.7 °C regardless of the
scenario. However, the mean DTR difference is statistically significant only in Helsinki
(—0.4 °C/RCP4.5, —0.7 °C/RCP8.5) and Stockholm (—0.2 °C/RCP4.5 and RCP8.5) under
both scenarios and in Warsaw (—0.4 °C) and Nicosia (—0.4 °C) under the RCP8.5. On the
contrary, in Madrid, the DTR over the period 20712100 in autumn is foreseen to be higher
than that during the reference period under both scenarios, although these differences are
not statistically significant.

The majority of cities are anticipated to see an increase in DTR during the winter
months between 2071 and 2100, with the mean difference varying between +0.1 °C and
+2.2 °C. The most pronounced and statistically significant increases in DTR are projected in
Madrid (+0.7 °C/RCP4.5, +1.2 °C/RCP8.5), Bucharest (+0.7 °C/RCP4.5, +2.2 °C/RCP8.5),
Athens (+0.4 °C/RCP8.5), Berlin (+0.3 °C/RCP8.5), Vienna (+0.8 °C/RCP8.5), and Zurich
(+0.4 °C/RCP8.5). On the other hand, the cities at the highest latitudes like Oslo, Stockholm,
and Helsinki are foreseen to experience a statistically significant decrease in DTR during
winter in the future with the mean difference ranging from —0.5 °C to —1.5 °C.

In summer, a statistically significant decrease in DTR is projected in the northern
cities of Oslo, Stockholm, and Helsinki in the future (2071-2100) with the mean difference
ranging between —0.4 °C and —0.7 °C under the RCP4.5 and from —0.6 °C to —1.6 °C
under the RCP8.5. A statistically significant decrease in DTR is also foreseen in Athens
(—0.2°C/RCP4.5, —0.3 °C/RCP8.5) and Nice (—0.3 °C RCP4.5, —0.4 °C/RCP8.5), although
these differences are formed at lower levels compared to the former ones. On the contrary,
the mean DTR in summer is projected to increase in Madrid, Nicosia, Paris, Rotterdam,
Vienna and Zurich under both scenarios. However, the mean difference is expected to be sta-
tistically significant in Nicosia (+0.3 °C/RCP4.5, +0.5 °C/RCP8.5), Zurich (+0.6 °C/RCP4.5,
+0.9 °C/RCP8.5), Madrid (+0.4 °C/RCP8.5) and Paris (+1.0 °C/RCP8.5).

In spring, most of the cities are expected to experience a decrease in DTR during
the period 2071—-2100, with the mean difference ranging from —0.1 °C to —1.1 °C. The
most pronounced decreases that are at the same time statistically significant are foreseen in
Helsinki (—0.8 °C/RCP4.5, —1.1 °C/RCP8.5), London (—0.5 °C/RCP4.5, —0.9 °C/RCP8.5),
Paris (—0.5 °C/RCP4.5, —0.9 °C/RCP8.5), Rotterdam (—0.5 °C/RCP4.5, —0.9 °C/RCP
8.5), Berlin (—0.6 °C/RCP8.5), Oslo (—0.6 °C/RCP 8.5), Stockholm (—0.4 °C/RCP8.5) and
Warsaw (—0.4 °C/RCP4.5). On the other hand, increases in DTR during the period 2071-
2100 are only projected in Nicosia, Athens, Bucharest and Madrid, with the mean difference
(statistically significant) to range between +0.3 °C and +0.9 °C.
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Figure 7. Comparison of seasonal distribution of DTR between the reference period (1971-2000) and
the future period (2071-2100) under the RCP4.5 and the RCP8.5 for all cities (a—p). Red asterisks
indicate where the difference of mean DTR between the future period and the reference period is

statistically significant at the 95% confidence level according to the bootstrap method. Inside the box,

the white dot indicates the average and the horizontal line indicates the median. The box covers

the 25-75% percentiles and whiskers range within 1.5 times of the interquartile range. The black

rhombuses beyond the whiskers indicate outliers.
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Figure 8. Seasonal changes of mean DTR for all cities sorted by latitude between the future period
(2071-2100) and the reference period (1971-2000) under the RCP4.5 (a-d) and the RCP8.5 (e-h).
Red dots indicate where the difference of mean DTR between the future period and the reference
period is statistically significant at the 95% confidence level according to the bootstrap method. The
abbreviation for the name of each city can be found in Table 1.

3.6. Response of DTR to Exceptionally Hot Weather in the Future

Figure 9 illustrates the DTR under summer normal days, hot days and HW days
for the reference (1971-2000) and the future period (2071-2100) under the RCP8.5. It is
noted that the identification of hot days and HW days follows the procedure described
in Section 2.3 and the 95th percentile of Tmax was based on the simulated data. From
Figure 9, it is evident that the DTR during hot days and HW days is higher compared to
the DTR during normal days in all cities for both the reference period (1971-2000) and the
future period (2071-2100). Although the aforementioned pattern is preserved in the future
compared to the reference period, the DTR is projected to be lower in the future period than
in the reference period for each of the day categories (normal, hot, HW days) in the majority
of the cities. However, the decrease of DTR over the future period is found to be smaller
for the normal days than for the hot days and HW days. In particular, the difference of the
mean DTR between the future period and the reference period for the normal days ranges
from —0.3 °C to —2.0 °C, whilst it ranges between —0.8 °C and —2.7 °C for the hot days
and from —0.9 °C to —2.8 °C for the HW days. Lower DTR values in future under normal,
hot and HWs days is consistent almost across all cities, except for Rotterdam, Berlin and
Nice, with projected increases in DTR under hot weather conditions.
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Figure 9. Comparison of DTR for normal days, hot days and HW days between the reference period
(1971-2000) and the future period (2071-2100) under the RCP8.5 for all cities (a—p). Inside the box,
the white dot indicates the average and the horizontal line indicates the median. The box covers

the 25-75% percentiles and whiskers range within 1.5 times of the interquartile range. The black

rhombuses beyond the whiskers indicate outliers. The distinction between days (normal days, hot

days, HW days) was made according to the defined criteria in Section 2.3.
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4. Discussion and Conclusions

Today, climate change has emerged as one of the most significant threats to our
planet. Long-term historical records of climatic data provide evidence of increased global
and ocean mean temperatures, melting glaciers and rising sea levels, accompanied by
simultaneous increases in the frequency and severity of extreme weather events like heat
waves, floods, storms, droughts and others, with direct devastating impacts on humans
and ecosystems [1]. Climate change is manifested through a number of indicators. In
this study, we investigated the diurnal temperature range (DTR) as a key indicator, which
combines the daily maximum and daily minimum air temperature. In particular, the study
investigated the climatic features (mean values, distribution shape, seasonality) and trends
of the DTR in 16 European cities of different background climates. The analysis was based
on long-term observational data (1961—2019) along with RCM-simulated data in order to
detect any projected DTR trends by the end of the 21st century, under intermediate- and
high-emission GHG scenarios. Our research adds to existing relevant studies in the field by
attempting to answer questions, among others, concerning the response of DTR during hot
days and heat wave days in places with varied background climates.

The DTR frequency distribution analysis revealed variations in the range of DTR
values among the cities but also distinct patterns of the DTR distribution according to the
climate class of each city. The cities featuring either boreal climate (Dfb) or warm temperate
climate that is fully humid with warm summer (Cfb) reveal right-skewed distributions,
whilst those with a Mediterranean climate (Csa) show a symmetrical one. On the contrary,
left-skewed distributions with flattened curves are noted for the cities with either arid
climatic characteristics (BSh, BSk) or with warm temperature climates that are fully humid
with hot summers (Cfa). The results also show strong seasonal variability in most of
the cities, with the highest mean DTR being observed during summers, while the lowest
one during winters. This outcome is consistent with the findings of previous studies in
other regions [23]. However, an attenuation in seasonal variability of DTR is observed
in Mediterranean cities, which is probably related to the proximity of these cities and
especially of the respective stations to the coastline, and the consequent breeze effect on
temperature extremes especially during the warm period of the year. Previous studies have
also reported differences in DTR between maritime and continental sites [23,55]. Despite
this, no reduction in seasonal variability of DTR is observed for higher latitude coastal
cities such as Rotterdam and Helsinki.

Madrid and Nicosia are the cities with the highest mean DTR in all seasons, probably
reflecting the characteristics of the arid climate along with the high elevation in the case of
Madrid. Previous studies have shown that higher elevations are associated with higher
DTR [55,56]. Nevertheless, the connection between DTR and elevation is not straightfor-
ward, and it depends on elevation and other local particularities (e.g., distance from the
coast) [23,55,57].

From the analysis of observational data, we also found a substantial increase in
DTR during both hot days and HW days compared to normal summer days across all
cities. In most of the cities, however, the DTR during HW days was found to be slightly
lower than that during hot days, due to the higher minimum air temperature during
HWs. This outcome can be attributed to the heat accumulation in urban environments
during nighttime when consecutive days of excessive heat take place [58]. Minimum
temperature has also been reported as a primary controlling factor in DTR variation during
heat waves [41]. The observed increase in DTR during hot days (HW days) compared to
normal days varies across the cities. It is greater for the cities at higher latitudes, ranging
from 3.7 °C to 5.7 °C (HW days range 3.1 °C to 5.7 °C), than at lower latitudes, ranging
from 1.3 °C to 3.6 °C (HW days range 0.5 °C to 3.4 °C).

Model simulations suggested that DTR is projected to significantly decrease in north-
ernmost cities (Helsinki, Stockholm, Oslo), while it is expected to increase in Madrid by the
end of the 21st century under both the intermediate- and high-emission scenarios, due to
asymmetric changes in daily maximum and minimum air temperatures. The asymmetrical



Sustainability 2023, 15, 12715

16 of 19

response of global warming is more pronounced under the high-emission scenario where
more cities at higher latitudes (Warsaw, Berlin, Rotterdam) are added to those with statis-
tically significant decreases in DTR, while others (Bucharest, Nicosia, Zurich) are added
to those with increases in DTR. Asymmetrical changes in maximum and minimum air
temperatures lead to a mosaic of either downward or upward trends in DTR depending on
the region/site, suggesting topographical and geographical variabilities, although there
are cities with no significant trend. Most previous studies have shown a decrease in global
DTR over recent decades [19-21,59], while some other studies that focus on specific regions
have reported increasing trends in DTR [23,30-33,60]. In Spain, for example, the maximum
air temperature has increased at a higher rate than the minimum air temperature since
1961 [33], and in the Baltic region, an increasing trend in DTR depending on the season
has also been reported [23]. The study of Zhou et al. [34] has found a decrease in DTR
over most regions worldwide by the end of the 21st century, especially in northern high
latitudes, although some increases in certain regions in the Mediterranean were also found.
These findings are consistent with our results.

Cities with the most pronounced DTR trends by the end of the 21st century reveal a
clear signal on the seasonal scale as well. Therefore, the DTR decreases in all seasons in
cities located at northern high latitudes (Helsinki, Stockholm, Oslo). On the contrary, the
DTR increases in all seasons in Madrid with the most pronounced changes projected during
winter and spring. In most cities, significant change in DTR was found solely at certain
seasons, implying asymmetrical changes in the future temperature extremes depending
on the season. Yet, there were seasons where no significant change in DTR was detected,
implying synchronous variations in temperature extremes in the future. Therefore, for
example, significant increases in DTR are foreseen in Bucharest during winter and spring,
and in Nicosia during spring and summer, while significant decreases in DTR are projected
in London, Paris and Rotterdam during spring.

Although the causes of DTR reduction is beyond the scope of this paper, recent
studies based on observations or model simulations provide evidence that DTR variations
are mostly related to changing levels in clouds and soil moisture [61,62]. Clouds reflect
sunlight during daytime, but retain warmth at night, contribution to increased minimum
air temperature levels. Climatic anomalies and long-term decline in DTR due to faster
increasing rates in nighttime than in daytime air temperature, is a global phenomenon with
profound ecological impacts. Warmer nights and reduced DTR may affect not only humans
but also different plant species and agricultural production. For instance, warmer night
temperatures are associated with increased plant respiration rates, which in turn impact
the amount of carbon necessary to develop seeds [62].

Considering the critical role of DTR in various sectors, like human health, agriculture,
ecosystems and energy consumption, an attempt was made to investigate the DTR differen-
tiations in 16 European cities in relation to season, climate class and latitude along with
the response of DTR under exceptionally hot weather. Daily data from observations and
future projections were combined to gain better understanding of the DTR changes in an
ever-changing climate. Identifying and assessing the DTR changes, as a key indicator of
temperature extremes, provides useful information for various socioeconomic activities
and could be used for more effective adaptation planning to climate change.
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