
Academic Editor: Graziano Coppa

Received: 5 May 2026

Revised: 11 June 2026

Accepted: 15 June 2026

Published: 22 June 2026

Copyright: © 2026 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license.

Article

Climate Change Impacts on Diurnal Temperature Range and
Thermal Discomfort and Their Association in Selected Eastern
Mediterranean Cities Using CMIP6 Projections
George Katavoutas * , Konstantinos V. Varotsos and Christos Giannakopoulos

Institute for Environmental Research and Sustainable Development, National Observatory of Athens,
GR-15236 Athens, Greece; varotsos@noa.gr (K.V.V.); cgiannak@noa.gr (C.G.)
* Correspondence: gkatavoutas@noa.gr

Abstract

Climate projections indicate significant changes in temperature patterns and other meteo-
rological parameters under different climate change scenarios, with temperature receiving
special attention due to its influence on thermal conditions and human discomfort. This
study examines the relationship between diurnal temperature range (DTR) and thermal
discomfort in the five largest cities of Greece during summer. Thermal discomfort is as-
sessed using Thom’s discomfort index (DI), where values ≥ 21 indicate the onset of thermal
discomfort, focusing on thermal conditions at the upper (DIh) and lower (DIc) boundaries
of daily variability. The analysis uses multiple CMIP6 projections for the reference period
(1981–2010) and the near future (2031–2060) under the SSP2-4.5 and SSP5-8.5, representing
intermediate and high greenhouse gas forcing pathways, respectively. The study aims to
investigate associations between DTR and DI-based thermal discomfort. DTR is projected
to increase in most cities in the near future relative to the reference period. This reflects a
regional specific response that differs from the global tendency reported in the literature for
minimum air temperatures (Tmin) to increase faster than maximum air temperatures (Tmax).
Effect size analysis of DTR indicates generally small effects in Thessaloniki, medium to
large effects in Larissa depending on the scenario, and large effects in Heraklion, Athens
and Patra. Projected differences in DTR are consistent with the asymmetrical response
of air temperature, specifically to the higher increase rate in Tmax than in Tmin in most
cities. DI-based thermal discomfort shows a clear contrast between upper (DIh) and lower
(DIc) boundaries of daily variability, reflected in higher discomfort classes for DIh and
lower classes for DIc. Higher DTR values are associated with higher DIh-based thermal
discomfort, while the corresponding association between DTR and DIc is weak or absent.
The positive association observed for the DIh-based conditions is largely governed by the
shared contribution of Tmax to both DTR and the discomfort index, whereas the absent or
weak association for DIc-based conditions may reflect the weaker association between DTR
and Tmin as well as the relatively smaller variability of Tmin.

Keywords: diurnal temperature range; thermal discomfort; Thom’s discomfort index;
CMIP6 projections; climate change; Eastern Mediterranean

1. Introduction
Recent assessments by the World Meteorological Organization [1] and the Intergovern-

mental Panel on Climate Change [2] highlight that human-caused climate change is already
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affecting various weather and climate extremes. Among these, changes in temperature pat-
terns have received special attention, as they influence thermal conditions and contribute to
human thermal discomfort. Specifically, the Mediterranean region is identified in the IPCC
Sixth Assessment Report (AR6) as a ‘climate change hotspot’, with projected increases in
temperature extremes and heat-related impacts [3].

One of the key indicators used to assess temperature variability is the diurnal tempera-
ture range (DTR), defined as the difference between daily maximum and daily minimum air
temperatures. Several studies, based on both observations and climate model simulations,
have reported changes in DTR over time, with either decreases or increases associated with
asymmetric trends in minimum and maximum air temperatures (e.g., [4–10]). Beyond its
climatological significance, DTR has also been investigated with respect to human health
impacts (e.g., [11–14]). High DTR and elevated nighttime temperatures may reduce phys-
iological recovery from daytime heat exposure and increase heat-related stress [15–17].
Considering the impacts of abnormally hot weather on human well-being and thermal com-
fort, other studies have examined the response of DTR under such conditions, with findings
suggesting higher DTR during heat extremes compared to normal summer days [18,19]. It
is worth noting that, in principle, DTR reflects the magnitude of daily temperature variation
rather than absolute temperature levels. As a result, the same DTR value can correspond
to different temperature levels. Therefore, DTR is not a direct indicator for representing
absolute thermal conditions or perceived thermal stress.

In contrast, various bioclimatic indices have been developed to assess discomfort levels
and thermal comfort conditions by combining environmental variables [20]. Many studies
utilizing bioclimatic indices along with observational or reanalysis data have highlighted
the deterioration of thermal comfort conditions over recent decades across various regions
worldwide (e.g., [21–23]). In addition, other studies using projected climate data have
investigated expected changes in heat stress and comfort levels in the future climate under
different scenarios (e.g., [24–28]).

Although DTR and bioclimatic indices describing thermal discomfort have been
extensively used separately, the combined analysis of their relationship under current and
future climatic conditions has received limited attention, especially in the climate-sensitive
Eastern Mediterranean region [29,30]. Furthermore, most previous studies have primarily
focused on mean thermal conditions, while comparatively less attention has been given
to the diurnal cycle of thermal discomfort and its relationship with DTR. Understanding
how DTR could be associated with thermal discomfort levels and how related variables
interact might provide valuable insights into their behavior under current and future
climatic conditions. In addition, by leveraging the latest generation of CMIP6 climate data,
statistically downscaled for the cities under consideration, higher-resolution insight into
grid-cell-scale thermal conditions can be provided.

Considering the above, in this study, statistically downscaled CMIP6 data derived
from three General Circulation Models (GCMs) were used to assess projected changes in di-
urnal temperature range and thermal discomfort in summer over five major cities in Greece,
located in the Eastern Mediterranean. The analysis focused on the near-future period
(2031–2060) under the SSP2-4.5 and SSP5-8.5 scenarios, while the period 1981–2010 was
used as a reference for comparison. Potential physiological or societal adaptation to future
warming conditions was not accounted for in the present analysis. Thermal discomfort was
assessed using a bioclimatic index based on daily air temperature and humidity extremes,
serving as an approximate thermal discomfort indicator for the warmest and coolest parts
of the day. Thom’s discomfort index (DI) was selected due to its simplicity, limited meteo-
rological input requirements, and widespread application in studies using climate model
data, where variables such as radiation and wind are not always consistently available.
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Apart from the separate investigation of climate change impacts on the distributions of
DTR and thermal discomfort indicators, the analysis also examines associations between
them and their possible changes in the near future. Additional analysis was carried out to
investigate associations between DTR, thermal discomfort indicators and their associated
climate variables. The structure of the study is as follows. Section 2 describes the data,
models and indices used, as well as the statistical methods applied. Section 3 presents the
results, including projected changes in DTR distribution, variations in DI-based thermal
discomfort categories, the association between DTR and thermal discomfort indicators, and
the associations among the analyzed variables. Finally, Section 4 discusses the results in
the context of a changing climate, and Section 5 summarizes the main conclusions.

2. Materials and Methods
This study leverages daily data derived from the latest-generation CMIP6 (Coupled

Model Intercomparison Project phase 6) climate projections that incorporate the Shared
Socioeconomic Pathway (SSP) scenarios. Three General Circulation Models (GCMs) of
the CMIP6 framework were used, namely the EC-Earth3-Veg [31], the MIROC6 [32] and
the MPI-ESM1-2-HR [33] (Table 1). The projections of these models involving the climate
variables of daily maximum and minimum near-surface air temperature and relative
humidity were statistically downscaled (~9 km), focusing on the five largest cities of Greece
(Athens, Thessaloniki, Patra, Heraklion, Larissa), located in the Eastern Mediterranean.
The predefined city reference coordinates used in the analysis were Athens (23.71◦ E,
37.97◦ N), Thessaloniki (22.94◦ E, 40.65◦ N), Larissa (22.41◦ E, 39.63◦ N), Patra (21.74◦ E,
38.23◦ N) and Heraklion (25.13◦ E, 35.32◦ N). These locations fall within or are very close
to the corresponding urban areas and were used to extract the nearest land grid point
from the statistically downscaled dataset. The extracted values therefore describe grid-cell-
scale thermal conditions around central city reference locations, rather than intra-urban or
neighborhood-scale thermal conditions.

Table 1. The General Circulation Models used in this study.

CMIP6 Model Atmospheric Component/Grid Native Atmospheric
Nominal Resolution

Downscaled Resolution
Used Here

EC-Earth3-Veg
IFS cy36r4, TL255, reduced Gaussian
grid equivalent to 512 × 256 lon/lat,

91 levels
~100 km ~9 km

MIROC6 CCSR AGCM, T85, 256 × 128 lon/lat,
81 levels ~250 km ~9 km

MPI-ESM1-2-HR ECHAM6.3, spectral T127,
384 × 192 lon/lat, 95 levels ~100 km ~9 km

To further describe the selected cities, Table 2 summarizes their Köppen–Geiger climate
classification and the average population density, which is based on the Urban Centre
Database (UCDB, R2024A) of the European Commission [34]. Athens, Patra, Thessaloniki,
and Heraklion are coastal cities, while Larissa is inland. In terms of climatic conditions,
Athens, Patra, and Heraklion have a hot-summer Mediterranean climate (Csa) with hot
and dry summers, whereas Thessaloniki has a cold semi-arid climate (BSk). Larissa lies
in a transitional zone between Csa and BSk and is located in one of the largest plains in
Greece, which favors high summer air temperatures.
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Table 2. Köppen–Geiger climate classification and population density of the selected Greek cities.

City Köppen–Geiger Climate
Classification

Population Density
(Inhabitants/km2)

Athens Csa 7686
Thessaloniki BSk 6696

Patra Csa 3747
Heraklion Csa 4418

Larissa BSk/Csa 5404

To perform the statistical downscaling of climate variables, the high-resolution ERA5-
Land reanalysis dataset was used [35] as the reference dataset following the methodology of
Varotsos et al. [36]. The bias adjustment was carried out using Empirical Quantile Mapping
(EQM), in which the empirical distribution of each CMIP6 variable over the reference period
was adjusted to match the corresponding ERA5-Land distribution. The derived correction
functions were then applied to the future simulations under the scenarios considered. The
same EQM-based framework was applied to daily maximum and minimum near-surface
air temperature and to the relative humidity variables. Two future SSP scenarios were
considered, namely the SSP2-4.5 and the SSP5-8.5. The former scenario is considered as
a medium pathway of future greenhouse gas emissions, assuming that socioeconomic
development is consistent with the climate protection measures [37]. Conversely, the latter
scenario portrays a future with high energy demands and a fossil fuel-based economy [37].
The period 1981–2010 is used as a reference for comparison with future projections for the
period 2031–2060. The future period was chosen to emphasize both the projected changes
and the potential vulnerability of the selected cities in the near future. Although GCM
projections are available up to 2100, the present study focuses on near-term climate change
impacts that are more relevant for adaptation planning.

In order to assess the variation in air temperature over a 24 h period, the index
of diurnal temperature range (DTR, in ◦C) was calculated. The DTR is defined as the
difference between the maximum and the minimum near-surface air temperatures over a
calendar day.

DTR = Tmax − Tmin, (1)

Thermal discomfort was assessed using the discomfort index of Thom (DI). This
index, which was originally proposed by Thom [38], considers the combined effect of air
temperature (T, ◦C) and air humidity (expressed as relative humidity, RH, in %) to express
the degree of thermal discomfort.

DI = T − 0.55 × (1 − 0.01 × RH) × (T − 14.5), (2)

The DI is classified into six categories representing increasing levels of thermal dis-
comfort (Table 3). Since DI has been developed for warm conditions, all calculations were
seasonally restricted to the summer months (June, July, August).

The selection of DI, among a number of indices with different rationale and sophisti-
cation presented in the scientific literature, was based on its simplicity, since DI relies on
two direct basic measurements of environmental variables, making it easy to implement.
In addition, the DI is highly correlated with the wet bulb globe temperature (WBGT) index,
which has been adopted by international authorities and as an ISO standard [39,40].
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Table 3. Classification of Thom’s discomfort index (DI) [38].

DI Levels Population at Risk Class

<21 No significant heat discomfort Safe
[21–24) Less than 50% of the population is in discomfort L50
[24–27) More than 50% of the population is in discomfort M50
[27–29) Most of the population is in discomfort MP
[29–32) Severe stress: Everyone feels stress SS
≥32 State of medical emergency ME

The DI calculations were divided into two components, with each component re-
ferring to the part of the day on which the maximum and minimum air temperatures
occur, representing approximate thermal and humidity extremes during two characteristic
periods of the diurnal cycle. Taking into consideration the inverse relationship between air
temperature and relative humidity [41], especially in the study region, the maximum air
temperature was combined with the minimum relative humidity, while the minimum air
temperature was combined with the maximum relative humidity, for the calculations of
DIh and DIc components, respectively. The DIh component indicates thermal discomfort
conditions associated with the hottest and generally driest part of the day. In contrast, the
DIc component indicates thermal discomfort conditions associated with the coolest and
generally most humid part of the day. Although Tmax and RHmin (as well as Tmin and
RHmax) may not always occur simultaneously, especially in coastal cities influenced by
local circulations, these combinations were used to represent characteristic hot/dry and
cool/humid conditions of the diurnal cycle at the daily scale. Therefore, DIh and DIc should
be interpreted as approximate thermal discomfort indicators based on daily temperature
and humidity extremes.

DIh = f (Tmax, RHmin), (3)

DIc = f (Tmin, RHmax), (4)

The calculations of DTR and DI were based on the statistically downscaled and bias-
adjusted climate variables (Tmax, Tmin, RHmax, RHmin) from each of the three GCMs, rather
than from raw GCM output. For the descriptive, distributional and relationship-based
analyses of DTR, DI, and the associated climate variables, the daily summer values from
the three GCMs were combined within each period and scenario in order to represent
the variability and distributional characteristics of the data, while also accounting for
the uncertainties among the different GCMs. Thus, for each period and scenario, the
analyses were based on the combined daily values derived from all three GCMs rather than
on presenting the calculated indices and the associated climate variables for each model
separately. However, for the statistical significance analysis of DTR changes presented in
Table 4, annual summer ensemble values were used as the statistical unit in order to avoid
pseudo-replication associated with combined daily samples, temporal autocorrelation and
partial dependence between GCM simulations. Specifically, annual summer mean DTR
values were calculated for each GCM separately and subsequently averaged across the
three GCMs for each year, resulting in 30 annual ensemble values per period and scenario.
Similarly, annual summer median DTR values were computed for each GCM separately
and then averaged across the three GCMs for each year.

The statistical significance of the difference in DTR distributions in terms of the
means between the near future (2031–2060) and the reference period (1981–2010) was
assessed by applying Welch’s t-test, a method that does not require equal variances and
can also be performed for unequal sample sizes [42]. In addition, the difference in DTR
distributions with respect to the central tendency between the two periods was assessed
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by computing the Mann–Whitney U test, a method that does not require the variables
to satisfy any distribution curve [43]. In order to determine the magnitude of the DTR
difference between the two periods, the Mann–Whitney U test effect size was applied, since
statistical significance does not always refer to an effect with a high impact, especially for
large samples. Specifically, values of effect size (rMW) below 0.3 denote a small effect, values
between 0.3 and 0.5 denote a medium effect, and values above 0.5 denote a large effect.
Finally, the ordinary least squares (OLS) regression and Pearson’s correlation were used to
quantify the strength, direction, and sensitivity of the relationships between the analyzed
variables, including DTR, DIh, DIc, Tmax, Tmin, RHmax and RHmin, in order to better
interpret the observed associations between DTR and the discomfort index components. A
95% confidence level was used as a reference threshold for reporting statistical test results.

Table 4. Changes in the mean and median DTR between the near future (NF, 2031–2060) under
both scenarios (SSP2-4.5, SSP5-8.5) and the reference period (RP, 1981–2010) in summer, based on
annual summer ensemble values, along with the corresponding statistics of Welch’s test and the
Mann–Whitney U test and the effect size. The asterisk denotes a statistically significant difference at
the 95% confidence level.

Athens Thessaloniki Heraklion Larissa Patra

∆(mean DTR)
NFSSP2-4.5 − RP +0.5 * +0.1 +1.2 * +0.4 * +0.5 *

NFSSP5-8.5 − RP +0.9 * +0.4 * +1.5 * +0.6 * +1.1 *

p-value (Welch’s
t-test)

NFSSP2-4.5 − RP 1.1 × 10−12 2.3 × 10−1 3.3 × 10−22 5.2 × 10−5 3.1 × 10−10

NFSSP5-8.5 − RP 1.7 × 10−13 4.2 × 10−4 3.7 × 10−21 1.9 × 10−6 1.8 × 10−14

∆(median DTR)
NFSSP2-4.5 − RP +0.4 * −0.01 +1.3 * +0.3 * +0.3 *

NFSSP5-8.5 − RP +0.6 * +0.1 +1.6 * +0.5 * +0.6 *

p-value
(Mann–Whitney U

test)

NFSSP2-4.5 − RP 1.2 × 10−7 4.5 × 10−1 3.3 × 10−11 3.7 × 10−3 1.6 × 10−5

NFSSP5-8.5 − RP 1.3 × 10−9 6.6 × 10−2 3.7 × 10−11 6.7 × 10−6 4.3 × 10−8

Effect size (rMW)
Mann–Whitney U

test

NFSSP2-4.5 − RP 0.68 0.10 0.86 0.38 0.56

NFSSP5-8.5 − RP 0.78 0.24 0.85 0.58 0.71

3. Results
3.1. Changes in Diurnal Temperature Range Distribution

In Figure 1, box-and-whisker plots are used to quantitatively inspect the DTR distribu-
tions in summer for the reference period (1981–2010) and for the near future (2031–2060)
according to both scenarios (SSP2-4.5, SSP5-8.5). The box-and-whiskers plots and the
descriptive statistics discussed below are based on daily summer DTR values in order to
illustrate the full distributional characteristics of DTR. In contrast, the statistical signifi-
cance analysis presented in Table 4 was performed using annual ensemble values to avoid
pseudo-replication associated with combined daily samples from multiple GCMs. Further
details regarding the statistical approach are provided in the Materials and Methods Sec-
tion. In the reference period, both the mean and the median DTR were between 9.2 ◦C
(Thessaloniki) and 11.2 ◦C (Larissa), indicating a maximum difference in mean DTR of
2.0 ◦C among the cities (Figure 1). The lowest interquartile range (1.7 ◦C), as a measure
of the spread of the data, is noted in Athens and Heraklion, while the highest (2.8 ◦C) is
observed in Larissa. In the near future, the DTR distribution shifts to higher values in
most cities, although the magnitude of these shifts varies between cities and scenarios. The
increase in mean DTRs was between 0.1 ◦C (Thessaloniki) and 1.2 ◦C (Heraklion) for the
SSP2-4.5 scenario, and from 0.3 ◦C (Thessaloniki) to 1.6 ◦C (Heraklion) for the SSP5-8.5
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scenario. According to Welch’s t-test, differences in mean DTR between the near future
and the reference period are identified in all cities except Thessaloniki under the SSP2-4.5
scenario (Table 4). Regarding the median DTR, the projected increase is slightly lower
(by 0.2 ◦C) than the increases in the mean, except for Heraklion, where the opposite is
noted (1.4 ◦C for SSP2-4.5, 1.8 ◦C for SSP5-8.5), and Thessaloniki, where the differences are
marginal (Figure 1). The Mann–Whitney U test indicates differences in the DTR distribution
with respect to the central tendency between the near future and the reference period in
all cities except Thessaloniki under both scenarios (Table 4). In an effort to further clarify
the magnitude of the projected differences, the effect size (rMW) was calculated, indicating
large effects in Heraklion, Athens and Patra under both scenarios. Larissa shows a medium
effect under SSP2-4.5 and a large effect under SSP5-8.5, whereas Thessaloniki shows only
small effects, consistent with the comparatively modest projected DTR changes in this city.

 

Figure 1. Box-and-whisker plots of the daily summer DTR distribution for the reference period
(1981–2010) and the near future (2031–2060) under both scenarios (SSP2-4.5, SSP5-8.5) for the selected
cities in the Eastern Mediterranean. Inside each box, the white circle and the vertical line denote the
mean and the median value, respectively. The whiskers’ range is 1.5 times the interquartile range and
the gray circles denote outliers.

The projected differences in the daily summer DTR distribution between the reference
period and the near future are consistent with the asymmetrical response of air temperature,
and specifically with the higher increase rate in maximum air temperature than in minimum
air temperature in most cities (Figure 2). In particular, the increase in mean Tmax ranges
between 2.3 ◦C (Athens, Thessaloniki) and 3.0 ◦C (Heraklion) for the SSP2-4.5 scenario,
and from 3.1 (Athens) to 4.0 ◦C (Heraklion) for the SSP5-8.5 scenario. Although Tmin

is projected to increase in the near future, the magnitude of this increase is lower than
that of Tmax, with mean Tmin increases ranging from 1.7 ◦C (Athens, Heraklion) to 2.2 ◦C
(Thessaloniki, Larissa) for the SSP2-4.5 scenario, and between 2.3 ◦C (Athens) and 2.9 ◦C
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(Thessaloniki, Larissa) for the SSP5-8.5 scenario. When the magnitude of the Tmin increase
in the near future closely follows the magnitude of the Tmax increase, as in Thessaloniki,
the DTR differences between the near future and the reference period are less pronounced.
Conversely, the greater the difference between the two rates of increase, the greater the
difference in DTR, as in Heraklion.

Figure 2. Box-and-whisker plots of the daily summer (a) Tmax distribution and (b) Tmin distribution
for the reference period (1981–2010) and the near future (2031–2060) under both scenarios (SSP2-4.5,
SSP5-8.5) for the selected cities in the Eastern Mediterranean. Inside each box, the white circle and
the vertical line denote the mean and the median value, respectively. The whiskers’ range is 1.5 times
the interquartile range and the gray circles denote outliers.

3.2. Frequency of DI-Based Thermal Discomfort Classes and Projected Changes

Figure 3 illustrates the frequency distribution of thermal discomfort classes according
to the DIh (Figure 3a) and DIc (Figure 3b) components in summer over the reference period
(1981–2010) for the selected cities. The discomfort levels of the DIh component indicate that
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the M50 class dominates, followed by the L50 class (Figure 3a). In particular, the M50 class
occurs in a percentage of summer days ranging from 47% (Patra) to 66% (Athens, Larissa).
At the same time, the L50 class occurs in a percentage of summer days that range between
27% (Athens, Larissa) and 47% (Patra). The Safe class is observed at low frequencies in all
cities (<5%). Of the upper-DI classes, only the MP class shows relatively high frequencies
in Heraklion (11%), Athens (6%) and Larissa (6%).

 
Figure 3. Frequency distribution of thermal discomfort classes for the two DI components,
(a) DIh and (b) DIc, in summer over the reference period (1981–2010) for the selected cities in
the Eastern Mediterranean.

Regarding the DIc component, the Safe class dominates with frequencies higher than
77% depending on the city (Figure 3b). However, it should be noted that for approximately
20% of summer days, the L50 class occurs in Athens, Thessaloniki and Heraklion.

The changes in the distribution of DI-based thermal discomfort classes in the
near future (2031–2060) compared to the reference period (1981–2010) are depicted in
Figures 4 and 5 for the DIh and DIc components, respectively. Regarding the DIh compo-
nent, a decrease in the frequency of Safe and L50 classes is projected in the near future,
with the reduction percentage for the L50 class estimated to range between −15% (Larissa)
and −24% (Patra, Heraklion) for the SSP2-4.5, and up to −28% (Patra) for the SSP5-8.5.

Conversely, the frequency of summer days in higher DI classes (MP and SS) is projected
to increase in all cities in the near future. The largest changes for the MP class seem to
occur in Athens (+17% for the SSP2-4.5, +21% for the SSP5-8.5) and Heraklion (+16% for
the SSP2-4.5, +20% for the SSP5-8.5), while the smallest changes are expected in Patra and
Thessaloniki (up to 11% for the SSP2-4.5, up to 17% for the SSP5-8.5). The largest changes
for the SS class are projected in Heraklion (+16% for the SSP2-4.5, +21% for the SSP5-8.5),
followed by the modest changes in Larissa and Athens (up to +7% for the SSP2-4.5, up to
12% for the SSP5-8.5), whereas the smallest changes appear in Thessaloniki and Patra (up
to 3% for the SSP2-4.5, up to 6% for the SSP5-8.5). Heraklion on the island of Crete is the
only city among those studied where days classified as ME are projected in the near future,
albeit at a marginal frequency in both scenarios, corresponding to up to 2 days.

Regarding the DIc component, a decrease in the frequency of days classified as Safe
is projected, with the reduction percentage ranging between −26% (Patra) and −34%
(Athens, Larissa) for the SSP2-4.5, and from −36% (Patra) to −43% (Athens) for the SSP5-8.5
(Figure 5). The projected decrease in the frequency of days in the Safe class is accompanied
by an increase in the frequency of days primarily in the L50 class (up to +29% for the
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SSP2-4.5, up to +34% for the SSP5-8.5) and, to a lesser extent, in the M50 class (up to +11%
for the SSP2-4.5, up to +17% for the SSP5-8.5).

 

Figure 4. Changes (%) in DIh class frequencies in the near future (2031–2060) compared to the
reference period (1981–2010) for the scenarios (a) SSP2-4.5 and (b) SSP5-8.5 in summer for the selected
cities in the Eastern Mediterranean.
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Figure 5. Changes (%) in DIc class frequencies in the near future (2031–2060) compared to the
reference period (1981–2010) for the scenarios (a) SSP2-4.5 and (b) SSP5-8.5 in summer for the selected
cities in the Eastern Mediterranean.

3.3. Association Between Diurnal Temperature Range and DI-Based Thermal
Discomfort Indicators

While the analysis so far has focused on the separate investigation of DTR and DI-
based conditions, examining how DTR varies across different DI classes may provide
additional insight into the association among variables. Therefore, we combined DTR with
DI-based conditions at the two extreme points of the day, represented by the DIh and DIc

components. Figure 6 shows the DTR distribution across DIh classes in summer over the
reference period (1981–2010) for each city.

As shown in Figure 6, DTR increases across higher DIh classes. For example, in
Athens and Larissa, days classified as SS have an average DTR of 15.6 ◦C and 17.2 ◦C,
compared to 7.6 ◦C and 6.7 ◦C for those classified as Safe, respectively. Among the studied
cities, Heraklion exhibits the weakest association between DTR and discomfort classes.
Nevertheless, days classified as SS have, on average, a DTR of 4.0 ◦C higher than days
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characterized as Safe. DTR generally increases with higher DIh classification levels, showing
larger values for the upper classes. For example, the average increase in DTR between SS
and Safe ranges from 4.0 ◦C (Heraklion) to 10.5 ◦C (Larissa), while between MP and Safe it
ranges from 3.2 ◦C (Heraklion) to 7.7 ◦C (Larissa). The smallest average increase in DTR is
observed between L50 and Safe, ranging from 0.6 ◦C (Heraklion) to 3.1 ◦C (Larissa).

 
Figure 6. Distribution of DTR across DIh thermal discomfort classes in summer over the reference
period (1981–2010) for the selected cities (a–e) in the Eastern Mediterranean.

Figure 7 shows the DTR distribution across DIc classes in summer over the reference
period (1981–2010) for each city.

In contrast to previous findings, Figure 7 suggests an absence or minimal association
between DTR and DIc classes. Heraklion is the only city in which DIc classes generally
correspond to slightly higher DTR values. In particular, days classified as M50 and L50
show average DTR values of 12.0 ◦C and 11.3 ◦C, respectively, compared to 9.5 ◦C for days
classified as Safe.
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Figure 7. Distribution of DTR across DIc thermal discomfort classes in summer over the reference
period (1981–2010) for the selected cities (a–e) in the Eastern Mediterranean.

3.4. Associations Between DTR, DI-Based Thermal Discomfort Indicators, and Temperature and
Humidity Variables

In an effort to clarify the observed association between DTR and DI-based thermal
discomfort indicators (DIh and DIc), we created Figures 8 and 9, integrating all variables
to further investigate this association. Since DTR and the DI components share common
temperature variables (Tmax for DIh and Tmin for DIc), part of the observed associations
may reflect this dependence. A positive association between DTR and Tmax is observed
across all five cities, with regression slopes ranging from 0.40 to 0.48 (Figure 8). Specifically,
the slopes (± standard deviations) are 0.40 ± 0.004 (Athens), 0.41 ± 0.003 (Heraklion),
0.48 ± 0.004 (Larissa), 0.42 ± 0.004 (Patra), and 0.40 ± 0.005 (Thessaloniki) (p < 0.05).
Pearson’s correlation coefficients further indicate this positive association between DTR
and Tmax, with values ranging from 0.67 (Thessaloniki) to 0.84 (Heraklion) (p < 0.05).
Conversely, DTR exhibits a negative association with RHmin (p < 0.05). RHmin is included

https://doi.org/10.3390/atmos17060623

https://doi.org/10.3390/atmos17060623


Atmosphere 2026, 17, 623 14 of 26

in the calculation of the DIh component, although it is not part of the computation of DTR.
However, the slope for Heraklion is notably smaller (−0.04 ± 0.001), indicating a weaker
inverse association compared to other cities, where slopes range from −0.12 (Athens) to
−0.16 (Larissa). This is further supported by Pearson’s correlation coefficients, with a
weaker negative correlation in Heraklion (−0.35) and stronger negative correlations in the
other cities (ranging from −0.62 in Athens to −0.72 in Larissa) (p < 0.05). The observed
negative association between DTR and RHmin is consistent with the positive association
between DTR and Tmax and the negative association between Tmax and RHmin. The latter
association is apparent in all cities, with Pearson’s r ranging from −0.61 to −0.82 (p < 0.05),
although it is comparatively weaker in Heraklion (−0.30).

 

Figure 8. Scatterplot of DTR versus Tmax during summer over the reference period (1981–2010) for
the selected cities (a–e) in the Eastern Mediterranean. Circle size represents RHmin, while circle color
indicates DIh thermal discomfort classes. Slopes and Pearson’s correlation coefficients (r) for the
associations between DTR, Tmax, and RHmin are shown for each city.
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Figure 9. Scatterplot of DTR versus Tmin during summer over the reference period (1981–2010) for
the selected cities (a–e) in the Eastern Mediterranean. Circle size represents RHmax, while circle color
indicates DIc thermal discomfort classes. Slopes and Pearson’s correlation coefficients (r) for the
associations between DTR, Tmin, and RHmax are shown for each city.

It is also important to examine which variable (T or RH) has a greater influence on the
DI. Therefore, a sensitivity analysis of the DI was conducted, producing a family of curves
as a function of T (with RH held constant) and as a function of RH (with T held constant).
It is found that, across a range of RH levels (10–90%), the DI increases as T rises. A similar
pattern is observed with respect to RH across a range of T levels (20–45 ◦C). However, T
has a consistently greater impact on the DI than RH, whether RH is held constant or T is
held constant. Although the slopes vary, this relationship holds across the full range of
values considered. Nevertheless, the impact of RH on the DI becomes more pronounced as
T increases.

In Figure 9, positive associations are observed between DTR and Tmin across all
five cities (p < 0.05), although these associations are generally considerably weaker than
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those previously noted with Tmax. This pattern is most evident in Thessaloniki, where
both the slope and Pearson’s correlation coefficient are very weak (0.07 ± 0.009 and 0.09,
respectively). An exception is observed in Heraklion, where the slopes for Tmin and Tmax are
almost equal (0.42 ± 0.007 and 0.41, respectively), although Pearson’s correlation coefficient
for Tmin has weakened to 0.56. The remaining cities also show reduced slopes between DTR
and Tmin, with values of 0.30 ± 0.008 in Athens, 0.19 ± 0.010 in Larissa, and 0.29 ± 0.008
in Patra, while the corresponding Pearson correlation coefficients are 0.39, 0.20 and 0.37,
respectively. Conversely, a negative association is observed between DTR and RHmax.
RHmax is included in the calculation of the DIc component, although it is not part of the
computation of DTR. However, this negative association is considerably weaker compared
to the association between DTR and RHmin observed for the DIh component, with notably
small slopes ranging from −0.03 to −0.09 and reduced Pearson’s correlation coefficients
ranging from −0.21 to −0.46. It should also be noted that the association between Tmin

and RHmax, while less pronounced than between Tmax and RHmin, still shows moderate
to strong correlations, with Pearson’s r ranging from −0.50 to −0.63, except in Heraklion,
where the association is comparatively weaker (−0.22).

3.5. Association Between Diurnal Temperature Range and DI-Based Thermal Discomfort Indicators
in the Future Climate

While the previous analysis focused on the association between DTR and DI-based
thermal discomfort indicators during the reference period (1981–2010), this section in-
vestigates changes in this association in the near future (2031–2060) under the SSP2-4.5
and SSP5-8.5 scenarios. Figures 10 and 11 present the DTR distribution across thermal
discomfort classes based on the DIh and the DIc components, respectively, in summer over
the near-future period (2031–2060) across the five cities.

As shown in Figure 10, higher DTR values continue to be associated with higher
DIh thermal discomfort classes across all cities under both scenarios, consistent with the
association observed during the reference period. For instance, in Athens under SSP2-4.5,
the mean DTR of days classified as L50 increases from 9.7 ◦C to 14.9 ◦C for days classified
as SS, while under SSP5-8.5 it reaches 14.6 ◦C. A similar pattern is noted in Patra, where
mean DTR increases from 7.5 ◦C in the Safe class to 16.3 ◦C in the SS class under SSP2-4.5,
and from 7.6 ◦C (Safe) to 16.0 ◦C (SS) under SSP5-8.5. Across all cities, DTR values in the
higher discomfort classes (MP, SS) are consistently higher under both scenarios compared
to those in the lower discomfort classes (Safe, L50), although quantitative differences exist
between scenarios and cities. For example, the average increase in DTR between SS and
L50 ranges from 3.5 ◦C (Heraklion) to 7.0 ◦C (Larissa) under SSP2-4.5, and from 3.6 ◦C
(Heraklion) to 6.7 ◦C (Larissa) under SSP5-8.5. Among the studied cities, Heraklion shows
the smallest increase in DTR between discomfort classes, reflecting the weaker association
already observed during the reference period. In general, the rates of DTR increase between
discomfort classes per city remain comparable to those noted in the reference period.
Nevertheless, the mean DTR values mainly associated with higher discomfort classes (MP
and SS) are projected to be slightly lower in most cities in the near future compared to the
reference period, except in Heraklion.

Based on the DIc component, the mean DTR shows comparable values across discom-
fort classes during the near-future period (2031–2060) under both scenarios, suggesting a
weak or absent association (Figure 11), consistent with that observed during the reference
period (1981–2010). A slight increase in DTR across higher DIc thermal discomfort classes is
observed in Heraklion and Athens. For instance, in Athens, days classified as M50 and L50
show average DTR values of 12.2 ◦C (12.5 ◦C) and 11.5 ◦C (11.6 ◦C), respectively, compared
to 10.7 ◦C (10.8 ◦C) for days classified as Safe under SSP2-4.5 (SSP5-8.5).
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Figure 10. Distribution of DTR across DIh thermal discomfort classes in summer over the near
future (2031–2060) under both scenarios (SSP2-4.5, SSP5-8.5) for the selected cities (a–e) in the
Eastern Mediterranean.

The scatter plots integrating all associated variables of DTR and the DIh and DIc

components for the near future (2031–2060) under both scenarios are presented in
Figures 12 and 13, respectively. The regression analysis between DTR and Tmax reveals
strong positive associations in all cities in the future, with similar or slightly larger slopes,
especially under SSP5-8.5, compared to the reference period (Figure 12).

In particular, the slopes and standard deviations under SSP2-4.5 (SSP5-8.5) are
0.43 ± 0.004 (0.43 ± 0.003) in Athens, 0.36 ± 0.003 (0.34 ± 0.003) in Heraklion, 0.48 ± 0.004
(0.47 ± 0.004) in Larissa, 0.43 ± 0.004 (0.43 ± 0.003) in Patra, and 0.41 ± 0.005 (0.42 ± 0.004)
in Thessaloniki (p < 0.05) (Figure 12). Pearson’s correlation coefficients remain high, further
indicating this positive association, with values ranging from 0.70 (Thessaloniki) to 0.83
(Heraklion) under SSP2-4.5, and from 0.73 (Thessaloniki) to 0.83 (Heraklion) under SSP5-8.5.
At the same time, the negative association between DTR and RHmin, which is used in the
calculation of the DIh component, is still observed in the near future, with slopes slightly
steeper than in the reference period. Slopes range from −0.15 (Athens, Patra, Thessaloniki)
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to −0.20 (Larissa) under SSP2-4.5 and from −0.16 (Athens, Patra, Thessaloniki) to −0.20
(Larissa) under SSP5-8.5, except in Heraklion, where the inverse association remains weak
(−0.05), as in the reference period. The corresponding Pearson correlation coefficients are
slightly stronger than in the reference period, ranging from −0.64 to −0.74 under both
scenarios, except in Heraklion, where the coefficient, although slightly stronger, remains
weak (−0.37). The negative association between Tmax and RHmin remains strong in most
cities in the future and weak in Heraklion, with Pearson’s correlation coefficients similar to
those in the reference period.

 

Figure 11. Distribution of DTR across DIc thermal discomfort classes in summer over the near
future (2031–2060) under both scenarios (SSP2-4.5, SSP5-8.5) for the selected cities (a–e) in the
Eastern Mediterranean.
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Figure 12. Scatterplot of DTR versus Tmax during summer over the near-future period (2031–2060)
under SSP2-4.5 (a,c,e,g,i) and SSP5-8.5 (b,d,f,h,j) for the selected cities in the Eastern Mediterranean.
Circle size represents RHmin, while circle color indicates DIh thermal discomfort classes. Slopes and
Pearson’s correlation coefficients (r) for the associations between DTR, Tmax, and RHmin are shown
for each city.
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Figure 13. Scatterplot of DTR versus Tmin during summer over the near-future period (2031–2060)
under SSP2-4.5 (a,c,e,g,i) and SSP5-8.5 (b,d,f,h,j) for the selected cities in the Eastern Mediterranean.
Circle size represents RHmax, while circle color indicates DIc thermal discomfort classes. Slopes and
Pearson’s correlation coefficients (r) for the associations between DTR, Tmin, and RHmax are shown
for each city.

The associations between DTR and Tmin across all five cities are positive but consider-
ably weaker than those previously noted with Tmax in the near future under both scenarios
(Figure 13). Nevertheless, both the slope and the Pearson’s correlation coefficient appear
to be slightly higher compared to the reference period, indicating a weak strengthening
of the positive association between DTR and Tmin in most cities in the near future. The
association between DTR and RHmax remains negative in the near future, similar to the
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reference period, although both the slope and the Pearson’s correlation coefficient appear
to decrease slightly, indicating a slight strengthening of the negative association in the near
future under both scenarios. However, this negative association between DTR and RHmax

for the DIc component still remains considerably weaker compared to the association
between DTR and RHmin observed for the DIh component in the near future. Finally, the
association between Tmin and RHmax remains negative in the near future, although the
Pearson correlation coefficients in most cities decrease slightly compared to the reference
period, indicating a modestly stronger negative association. Nevertheless, the association
between Tmin and RHmax remains less pronounced than between Tmax and RHmin in the
near future.

4. Discussion
This study examined how climate change may affect DTR and thermal discomfort,

calculated using the discomfort index of Thom, in the five largest cities of Greece, located
in the Eastern Mediterranean, and investigated the associations between these indicators.
The analysis focused on summer months, when high temperatures are most pronounced,
and used multiple climate CMIP6 projections to assess patterns during the reference period
(1981–2010) and under future scenarios.

In the near future (2031–2060), DTR distributions are projected to shift towards higher
values across most cities, although the magnitude of these shifts varies between cities and
scenarios. Effect size analysis of DTR indicates generally small effects in Thessaloniki,
medium to large effects in Larissa depending on the scenario, and large effects in Heraklion,
Athens and Patra. The projected differences in DTR distribution between the reference
period and the near future are likely related to the asymmetrical response of air temperature,
and specifically to the higher increase rate in Tmax than in Tmin in most cities. When the
magnitude of the Tmin increase in the near future closely follows the magnitude of the
Tmax increase, as in Thessaloniki, the DTR differences between the near future and the
reference period are less pronounced. Conversely, larger differences between the rates
of increase in Tmax and Tmin are associated with larger DTR changes, as in Heraklion. In
accordance with the aforementioned findings, previous studies based on projections have
also shown an increase in future DTR during the summer season in the Mediterranean
coastal regions [44–46], mainly connected to the drier climate and the lower cloud fraction
in future conditions [45,46].

The analysis of the upper (DIh) and lower (DIc) boundaries of daily thermal conditions
reveals a clear diurnal contrast in DI-based thermal discomfort during the reference period
(1981–2010). DIh-based results are characterized by higher thermal discomfort classes, while
lower classes are less frequent, indicating a strong presence of hot conditions across all cities.
In contrast, DIc-based results are generally associated with lower thermal discomfort classes,
although a proportion of summer days still exhibit thermal discomfort in certain cities.
This contrast highlights the importance of considering diurnal extremes instead of using
daily averages, given that only daily data are available. In the future climate (2031–2060),
there is a clear shift towards higher DI classes during both DIh and DIc conditions, which is
more pronounced under the SSP5-8.5 than under the SSP2-4.5. For DIh-based conditions,
the frequency of lower DI classes is projected to decrease, with a corresponding increase
in higher classes. For DIc-based conditions, the frequency of the safe class is projected to
decrease in all cities, with larger reductions under SSP5-8.5 (36–43%) than under SSP2-4.5
(26–35%). The class corresponding to low thermal discomfort is projected to show the
largest increase (SSP5-8.5: 23–34%, SSP2-4.5: 20–30%). The classes foreseen to be affected
and the magnitude of the changes vary across the cities and depend on the prevailing
discomfort conditions in the reference period due to the local climate, as well as on the
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projected changes in air temperature and humidity. These findings suggest a worsening of
thermal comfort conditions at both the upper (DIh) and lower (DIc) boundaries of daily
thermal conditions, highlighting the potential need for adaptation measures in the selected
cities. The projected changes in DIc-based conditions may also reduce nighttime cooling
potential, particularly in densely populated cities. Overall, these changes may have broader
implications for summer thermal conditions, suggesting the need for appropriate planning
strategies. Increased thermal discomfort in the future climate has also been reported in
previous studies at the global scale (e.g., [25]), the regional scale (e.g., [26,28,47]) and the
city scale (e.g., [24,27,48]).

Although DTR represents the daily temperature range, we compared it with thermal
discomfort assessed at the upper (DIh) and lower (DIc) boundaries of daily thermal condi-
tions for the reference period (1981–2010). This approach allows the examination of diurnal
associations, showing that higher DTR values are observed on days with higher DIh-based
thermal discomfort, while the association is weak or absent for DIc-based conditions. This
positive association between DTR and DIh is largely governed by the shared dependence of
both indices on Tmax. Since Tmax is included in both formulations, part of this association
reflects statistical overlap rather than an independent association. In contrast, the absent or
weak pattern between DTR and DIc likely reflects the weaker association between DTR and
Tmin as well as the relatively smaller variability of Tmin. The aforementioned patterns are
consistent across all studied cities, which are located in a region with a Mediterranean cli-
mate, although slight differences between cities are apparent, likely reflecting local climatic
conditions. Consequently, these associations may vary in regions with different climatic
conditions, particularly where humidity is high and plays a dominant role. In coastal cities,
sea breeze circulations may also influence local air temperature and humidity conditions,
which could partly contribute to variability in the observed association between DTR and
thermal discomfort; however, this process was not explicitly considered in this study.

Compared to the reference period (1981–2010), the association between DTR and
thermal discomfort at the upper (DIh) and lower (DIc) boundaries of daily thermal condi-
tions still persists in the near future (2031–2060) under both scenarios. However, for the
DIh-based conditions, DTR values, especially in the high discomfort classes, are slightly
lower than those observed in the reference period for the same classes, indicating a weaker
DTR contrast between the upper classes of the DI in the future. This differentiation is
probably related to the projected increase in Tmax and decrease in relative humidity in the
near future. In addition, air temperature has a consistently greater impact on the DI than
relative humidity, and the projected increase in Tmax in the future makes its dominance even
greater. Therefore, the projected increase in Tmax is expected to lead to higher DI values
and, consequently, to an increased frequency of high discomfort classes. Although DTR is
expected to increase in the near future due to the higher increase rate in Tmax than in Tmin,
the slightly lower DTR observed within the upper discomfort classes for the DIh-based
conditions reflects the changes in the distribution of extreme hot days. Days with high
DIh-based discomfort in the future tend to occur under hotter conditions with warmer
nights (higher Tmin), which is associated with reduced DTR on these high-discomfort days.
In addition, lower relative humidity in the future shifts thermal discomfort towards more
hot and dry conditions, allowing days with moderate DTR to move into the upper discom-
fort classes. In contrast, the association between DTR and DIc-based thermal discomfort
remains weak or absent in the near future, consistent with the reference period.

The projected changes in thermal discomfort and DTR may have broader implications
for adaptation strategies. Measures such as green roofs, increased vegetation, and cool
materials and surfaces can contribute to reducing thermal discomfort [49].
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Although this study provides valuable insights into climate change impacts on DTR
and thermal discomfort, a few limitations and constraints should be noted. The discomfort
index of Thom used in this study does not take into account the impact of wind and
solar radiation on thermal comfort. In addition, it is not clear if the observed associations
between DTR and the discomfort index of Thom would still exist using another index,
especially those that include more environmental variables to assess thermal discomfort.
Furthermore, the use of Tmax–RHmin and Tmin–RHmax combinations for DI calculations
may not always reflect exact temporal co-occurrence of these variables, particularly in
coastal cities affected by local atmospheric circulations. Although relative humidity was
statistically downscaled and bias-adjusted, near-surface humidity remains more uncertain
than air temperature in climate model projections, especially at the urban scale where
impervious surfaces and boundary-layer processes may influence moisture conditions.
While the selected grid point is located within each city, the CMIP6 downscaled data may
not fully capture local-scale effects such as the Urban Heat Island (UHI). Therefore, the DI
results should be interpreted as grid-cell-scale thermal discomfort estimates rather than as
detailed intra-urban comfort conditions. Finally, the observed associations may not hold in
regions with a more humid climate.

Future work should consider the use of high-resolution Regional Climate Models
(RCMs) to better represent the influence of urban topography and the UHI effect on local
thermal conditions. It would also be interesting to examine the relationship between DTR
and thermal discomfort using sub-daily data for the assessment of thermal discomfort,
rather than focusing only on the upper and lower boundaries of daily thermal conditions.

5. Conclusions
This study investigated projected changes in diurnal temperature range (DTR) and

thermal discomfort in five major Greek cities using climate CMIP6 projections. The results
indicate an overall increase in DTR in the near future, with varying magnitudes across cities
depending on climatic conditions. Thermal discomfort, assessed at the upper (DIh) and
lower (DIc) boundaries of daily thermal conditions, is also projected to increase, particularly
under SSP5-8.5. The analysis further indicates a positive association between DTR and
DIh-based thermal discomfort, which is largely governed by their shared dependence on
Tmax, while the association between DTR and DIc-based conditions appears weak or absent.
Considering both DTR and thermal discomfort together may improve understanding of
their associations and support future climate studies in Eastern Mediterranean cities.
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