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Abstract

Global climate projections show that humid heat extremes will expand toward
the higher latitudes, making the midlatitudes hotspots for these extremes.
Therefore, a thorough explanation of their regional characteristics becomes
crucial, given that the changes in these extremes can potentially render a large
proportion of the global population at risk. Here, we perform the first analysis
of historical and projected changes in the intensity and frequency of humid
heat extremes and quantify the population exposure to these extremes in
Turkey, using long-term simulations from the non-hydrostatic mesoscale
model of Consortium for Small-scale Modeling (COSMO-CLM) under the
RCPS8.5 emission scenario. We portray not only the nationwide changes in the
humid heat extremes and population exposure but also their regional aspects
by exploiting the K-means clustering algorithm. Our results suggest significant
future increases in the intensity and frequency of these extremes over a wide
geographical area, which includes the surroundings of Adana, Antalya, Izmir,
Sakarya, Ordu and Diyarbakir, most of which are coastal locations. Over most
of these regions, severe humid heat stress is expected to last nearly a month
every year, with almost 56% of the land area is projected to experience local
historical upper tail heat stress conditions for at least an additional 10 consecu-
tive hours. Further, we explicate a significant rise in the number of people
exposed to severe humid heat stress, concentrated along most coastal regions,
by as much as 1.6 million person-days. More than 20% of Turkey's population
may confront severe humid heat stress for at least 1 h, with that percentage
falling to 4.15% for at least five consecutive hours, which indicates that people
will not only endure more intense humid heat stress but also be exposed to
these conditions consecutively over a period of many hours.
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1 | INTRODUCTION

Previous studies indicate that extreme temperature
periods in populated regions can be life-threatening. At
this point, the observed and projected increase in the
intensity and frequency of extreme heat events world-
wide renders quantitative and qualitative assessments of
the impact of these extremes on human well-being cru-
cially important. This involves factoring in the multidi-
mensional, likely sequential, and lasting footprint of the
changing climate on society encompassing areas such as
social life, tourism and economy (Gasper et al., 2011).
The heat stress term has been commonly used in the lit-
erature to address the potential impact of heat extremes,
both dry and humid heat, on human physiology. Though
some studies utilized dry heat metrics (e.g., temperature)
in their studies, expressing heat stress through a combi-
nation of temperature and humidity can enhance the
understanding of the physical interaction between
the human body and thermal stress (i.e., humid heat
stress; Mishra et al., 2020). These two variables, when
used simultaneously, were shown to be the most accurate
in detecting past deadly and non-deadly heat episodes
(Mora et al., 2017). Essentially, the heat produced inter-
nally in a human body is subject to thermoregulation,
and the efficiency of the body's ability to thermoregulate
itself is strongly linked to the temperature gradient
between the body and the air surrounding it
(Sherwood & Huber, 2010). The narrower this gradient
becomes, the more difficult it is for humans to cool down
through sweating, which increases the risk of morbidity
and mortality. For example, Sherwood and Huber (2010)
argue that a wet-bulb temperature gradient of 1-2°C is
required for efficient internal heat release when using the
wet-bulb temperature to express humid heat stress.

Given the interaction between temperature and
humidity that is nonlinear and not straightforward to
unravel, a variety of heat stress indices are employed in
the scientific community to study heat stress. Some of the
most commonly used metrics are the wet-bulb tempera-
ture, wet-bulb globe temperature, heat index and appar-
ent temperature, each of which has unique features and
assumptions, such as its physical constraints and rela-
tionship  to  critical = meteorological  variables
(i.e., insolation and wind speed) as well as clothing and
metabolical processes for humans. Among these indices,
the wet-bulb temperature is not only comparatively more
sensitive to humidity but also more resistant to hotter cli-
mates (Sherwood, 2018), making it a relevant and popu-
larly adapted metric for studies that systematically
consider the impact of a changing climate on the local
and global patterns and extremes of humid heat
(Freychet et al., 2022; Raymond et al., 2020). Further, it
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provides a theoretical benchmark for assessing physiolog-
ical impacts, as it is well-established that humans are
unlikely to survive exposure to wet-bulb temperatures
above 35°C, even with adaptation measures (Sherwood &
Huber, 2010). Interestingly, mortality risk due to heat
stress below this value (i.e., 35°C) is still not unlikely, as
revealed by past heat events (Mazdiyasni et al., 2017;
Raymond et al., 2020).

Studies explicate the importance of utilizing more
than one metric in the assessment of humid heat
extremes (Freychet et al., 2022; Tuholske et al., 2021).
However, regardless of the employed indices that synergi-
cally combine temperature and humidity, extremes of
these indices in a changing climate pose further intensifi-
cation, along with an increase in their frequency and
duration (Freychet et al., 2022; Raymond et al., 2020;
Wang et al., 2021; Wu et al., 2014). A recent synthesis of
the extreme wet-bulb temperatures already reveals that
the deadly threshold of 35°C has been experienced in
some locations, and the exceedance of this critical value
over land can become a regular occurrence with climate
change (Chen et al., 2022; Raymond et al., 2020). Poten-
tial increases in the frequency of these extremes are fur-
ther consequential, given the higher risks of mortality
associated with a rise in frequency rather than the sever-
ity of events (Ahmadalipour et al., 2019). Such increases
in the humid heat intensity and return period values are
noteworthy. Historically, wet-bulb temperature values
surpassing 35°C were only present during the Paleogene
period (Sherwood & Huber, 2010).

The land area already subject to humid heat extremes
will experience dramatic increases in the frequency and
intensity of these extremes (Matthews et al., 2017). These
hotspots include a geographically wide area across the
tropics and the coastal Middle East (Freychet et al., 2022;
Raymond et al., 2020). Studies give particular emphasis
to these regions, as they are likely to be regularly exposed
to threatening wet-bulb temperature values (e.g., 27-
31°C), with frequencies ranging from 5 to 50 days per
year (Coffel et al., 2019; Freychet et al., 2022). On the
other hand, heat stress extremes currently confined to
the tropics and subtropics will expand toward higher lati-
tudes with global warming. This expansion will be less
pronounced in the Southern Hemisphere (Freychet
et al., 2022; Matthews et al.,, 2017; Wang et al., 2021),
making the midlatitudes the hotspots for intensified heat
stress extremes (Fischer & Knutti, 2013; Mora et al., 2017;
Wang et al.,, 2021). Thus, owing to the geographical
dependence of these extremes (Raymond et al., 2021), it
is critically important to present an elaborate demonstra-
tion of their regional characteristics.

Quantifying population exposure to heat stress has
been an inevitable part of the risk and vulnerability
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assessments. Literature elucidates that humid heat
extremes impact regions with dense populations, ascer-
taining the need for exposure analyses at the country and
city levels (Russo et al., 2017). A standard way to define
exposure is by employing the person-days approach,
which formulates the exposure as the number of people
in a region times the number of days per year experienc-
ing certain heat stress conditions (i.e., a heat index value
above a specified threshold). While the number of people
exposed to these extremes varies from one region to
another, there has been a dramatic increase in global
exposure to these extremes (Mora et al, 2017,
Sherwood & Huber, 2010; Tuholske et al., 2021). A study
quantified this increasing trend as 199% from 1983 to
2016 (Tuholske et al., 2021), and another one showed
that almost one-third of the world population was
exposed to deadly heat stress in 2000 (Mora et al., 2017),
though it is likely that this number would be higher
today.

Business-as-usual projections of global exposure are
demonstrated that approximately 75% of the world popu-
lation will be at risk of exposure to severe heat stress by
the end of this century (Mora et al., 2017). A recent study
quantifying exposure at different warming levels plotted
a scenario that with a 3.0°C increase in global mean tem-
peratures, up to 5 billion people could be regularly
exposed to wet-bulb temperatures above 27.5°C, leading
severe heat stress, and up to 100 million people could
experience the deadly wet-bulb temperature threshold of
35°C (Freychet et al., 2022). It should be noted that
regardless of the employed warming scenario or metric,
studies agree that increases in population exposure to
heat stress are significant (Chen et al., 2022; Freychet
et al, 2022; Mora et al, 2017; Rothfusz, 1990;
Sherwood & Huber, 2010). For example, the findings of
Freychet et al. (2022) reveal that the increase in popula-
tion exposure with increasing global warming levels is
consistent both in terms of magnitude and area impacted
when the metrics of wet-bulb temperature, wet-bulb
globe temperature and heat index are used. Population
exposure derived from each metric reiterates that densely
populated areas are expected to bear the burden of more
than one order of magnitude increase in exposure.

Countries in the Middle East, West Africa and South
America, as well as China and the United States, are
some of the regions exposed to dangerous combinations
of temperature and humidity variables (Chen et al., 2022;
Freychet et al., 2022; Jones et al., 2015). For example,
shifting of the global mean temperature above pre-
industrial levels from 1.5 to 3°C translates into 20% to
60% increase in exposure in humid heat stress hazard,
rendering these regions as hotspot research areas
(Freychet et al., 2022). Specifically, over the West Africa,

the anticipated exposure to wet-bulb temperature above
27.5°C is within the prospects of reaching 80%, while
only 10% of the population is affected by the value above
31°C. Moreover, under SSP5-8.5 scenario, the exposure to
humid heat levels in China has the potential to influence
as much as 81% of the population by 2100, which further
translates into public health concern (Chen et al., 2022).
Not only Asia but also Contiguous United States expects
to encounter a rise in days with extreme heat, specifically
along and across the southern portions of the country
including Texas and its surroundings (Jones et al., 2015).
Regional differences still exist, rendering the regional
aspects of the exposure component highly relevant and
critical.

Turkey's climate is also susceptible to change, with a
remarkable increase in observed temperatures (Turkes &
Sumer, 2004), and regional temperature values projected
to reach as much as 5°C (Onol & Unal, 2014). Though
Turkey is located in the Eastern Mediterranean region,
which is experiencing increasing trends in humidity
across its coastal regions (Onol et al., 2014) and climate
extremes (Kelebek et al., 2021), and sharing a coast with
the humid and hot-prone regions of the Middle East in
the southeast (Raymond et al., 2020), no prior study to
our knowledge has elaborated on the vulnerability aspect
of the projected changes in the temperature extremes in
Turkey, let alone combined temperature-humidity
extremes. A study by Diffenbaugh et al. (2007), however,
highlighted the preferential increase in projected heat
stress across the Mediterranean coast, with more danger-
ous heat stress conditions already found over the eastern
and southern Mediterranean in the reference period.
Here for the first time, we reveal the present and pro-
jected changes in the intensity and frequency of humid
heat extremes across the climatologically different
regions of Turkey, quantify the number of people antici-
pated to confront these extremes, and demonstrate the
regional differences in the exposure component.

2 | DATA AND METHODS

2.1 | Regional climate modelling

We simulate long-term continuous historical (1979-2005)
and future (2024-2100) climates using the non-
hydrostatic mesoscale atmospheric model of the Consor-
tium for Small-scale Modeling (COSMO-CLM) developed
by the CLM-Community of German Meteorological Ser-
vice (DWD), and apply the Representative Concentration
Pathways 8.5 (RCP8.5) emission scenario. The model is
forced with the simulations provided by the earth system
model of the Max Planck Institute for Meteorology
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FIGURE 1 The COSMO-
CLM model domains for the
0.44° (the larger domain) and
0.11° (the nested domain
covered by dashed red lines)
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simulations. The region between

the solid and dashed red lines
represents the sponge zone,

separated by 12 grid points. 40°N

35°N

30°N

10°E 15°E
(MPI-ESM-LR), a participant in the CMIP5 (Coupled
Models Intercomparison Project Phase 5) collaboration.
First, the global model simulations are dynamically
downscaled to 0.44° resolution in a domain encompass-
ing the majority of the Eastern Mediterranean region
(Figure 1). Then, we further downscale the 0.44° climate
simulations to 0.11° horizontal resolution over Turkey.
The model equations were solved using the third-order
two time-level Runge Kutta scheme in a terrain-following
height-based hybrid Gal-Chen coordinate system.
GLC2000 (Global Land Cover Map for the year 2000)
data at 1 km resolution is preferred as land use data. We
define 40 vertical levels in the atmosphere, and the num-
ber of soil levels is set to 9. Table 1 illustrates the overall
model configuration and the parameterization schemes
utilized to represent subgrid-scale processes.

2.2 | Humid heat stress metric

The heat stress metric used in our study is based on the
popularly adopted wet-bulb temperature (WBT), consid-
ering its superiority to other metrics in terms of its
robustness to climate change (Sherwood, 2018). We cal-
culate hourly wet-bulb temperature from the model out-
put as our humid heat stress metric and constrain the
heat stress analysis to 20-year summertime periods, prior-
itizing the trends and changes in the last two decades of
the historical period (i.e., 1985-2005) and projection
period (2081-2100). The estimation of the WBT at an
hourly interval facilitates focusing on the heat stress cau-
tion hours, a concept used for quantifying the number of
hours humans are exposed to threatening heat stress con-
ditions (Sarangi et al., 2021).
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40°E

45°E

The COSMO-CLM model configurations for the
0.44° and 0.11° domains.

Horizontal resolution

Grid cell

Vertical levels

Time interval

Microphysics scheme

Convection scheme

Radiation scheme

Vertical turbulent
diffusion scheme

Surface transfer scheme

Land surface scheme

Periods: RF and RCP8.5

Domains
0.44°
ie =79, je = 50

40p level
240 s

2-category ice
scheme

Tiedtke (1989)

Ritter and
Geleyn (1992)

1-D TKE-based

TKE-based
TERRA-ML

RF: 197908-
200512

RCP: 202408
210012

2500
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1500
1000
800
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200
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0.11°

ie = 175,

je =107

40p level

90 s

2-category ice
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Tiedtke (1989)

Ritter and

Geleyn (1992)

1-D TKE-based

TKE-based
TERRA-ML

RF: 198108-
200512

RCP: 202608-
210012

We employed the Stull (2011) version of the WBT for-
mulation, which incorporates the essential heat stress vari-
ables of the air temperature (T) and relative humidity (RH),

WBT = Tatan [0.151977(RH% + 8.313659)%}

+ atan(T + RH%) —atan(RH%—1.676331)

+0.00391838(RHY% )*atan(0.023101RH%)

— 4.686035.

(1)
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The validity of Equation (1) is constrained by the pre-
defined ranges of the air temperature and RH
(Stull, 2011). Namely, it operates for air temperatures
between —20 and 50°C, and the RH from 5% up to 99%.

Unlike our climate model output, the RH variable is
not available in the ERA5-Land reanalysis used here for
verification purposes. Therefore, to calculate RH in
ERA5-Land (Equations (2)-(4)), we utilized the available
air (T) and dew-point temperature (T,) variables,

_ e(T)
RH=100%x -0, 2)
oo L (1 1 X
e=e,0xexp( o 7= ) ), (3)
osen (B (L1 W
es=es0xexp( o 7= ) ).

where e and e, are vapour pressure and saturation vapour
pressure, respectively. Here, L, (i.e., latent heat of vapori-
zation of water) is 2.501 x 106 J-kg~" and R, (i.e., gas con-
stant for water vapour) is 461.5 J-K™*. Further, although
the climate model output contains a wet-bulb tempera-
ture variable, we calculated the WBT ourselves employ-
ing Equation (1) to enable a smooth comparison between
the model WBT values and ERA5-Land WBT values.

We mainly utilize three different WBT thresholds,
which are 27, 29 and 31°C, in our analysis. We refer to
the former and the latter thresholds as severe humid heat
stress and dangerous heat stress, respectively similar to
Freychet et al. (2022).

2.3 | Verification and bias correction
procedure

The summertime hourly WBT model output is bias-
corrected and verified against the ERA5-Land reanalysis
product for the historical and projected periods spanning
1985-2005 and 2081-2100. Recent studies have demon-
strated the application of the bias-correction procedure
directly on the WBT variable (Chen et al., 2022), instead
of bias-correcting the individual components of the WBT
(i.e., air temperature and RH), to successfully reduce the
systematic biases inherent to the climate model and
reproduce the overall characteristics of the variable. To
this end, the summertime hourly WBT model outputs are
bias-corrected using an empirical quantile mapping
(EQM) approach for the historical period (1985-2005),
and the computed correction factors are then applied to
the projected hourly WBT values. EQM is a distribution-

free correction method that maps the model output quan-
tiles to the observed quantiles, considering several pre-
determined empirical quantiles. Here, we use 16 manu-
ally determined quantiles to approximate the empirical
CDFs of the WBT from the ERA5-Land reanalysis and
model output. Our implementation of EQM is based on
the xclim Python package (Logan et al., 2023).

2.4 | Humid heat extremes metrics
Emphasizing the relative long-term changes in the
extremes of the WBT series, we utilized the magnitude
metrics of the yearly maximum (max) and 99th percentile
(q99) of hourly WBT values for the respective study
periods. On the other hand, we employed three different
frequency metrics. These are the number of days in a
year where the daily maximum WBT exceeds 27°C
(severe humid heat stress; NOD27), the number of con-
secutive hours where the hourly WBT exceeds 27°C
(NOCH27) and the number of consecutive hours where
the hourly WBT is above the local q99 of the historical
period (NOCHQ99).

2.5 | Population exposure definition
We quantified the population exposure to the WBT
extremes by means of the widely exploited person-days
approach, whereby we analysed the long-term changes in
yearly population exposure during the reference and pro-
jected periods (Jones et al., 2015). Namely, this approach
characterizes the exposure to the WBT extremes by mul-
tiplying the number of people by the number of days in a
year when extreme WBT conditions occur. Therefore, our
exposure definition considers the concurrent trends or
changes in extreme heat stress conditions and population
count. To isolate the relative contribution of the extreme
heat stress to the exposure, we conducted an alternative
exposure analysis in which we held the population count
constant throughout the analysed period and vice versa.
This allowed us to investigate the so-called population
and climate components of the total population exposure.
To calculate the climate component of the total popu-
lation exposure, we allow the climate to evolve during
the projection period but keep the population data con-
stant at the historical period levels. Similarly, calculating
the population component requires allowing the popula-
tion of Turkey to evolve during the projection period
while the climate is kept at the average of the last 5 years
of the historical period. We investigate these components
only for nationwide analyses. The total population expo-
sure is further aggregated to specific regions
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FIGURE 2
K-means regions across Turkey
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geographical location and
proximity to water bodies.

conceptualized using a clustering algorithm, explained in
the following section, allowing us to concentrate on
the regional aspects of exposure.

For the reference period, we used the gridded popula-
tion estimates from the Gridded Population of the World
version 4 (GPWv4) data (CIESIN, 2018), and the future
population estimates are based on the Shared Socioeco-
nomic Pathways 5 (SSP5) scenario (Jones &
O'Neill, 2020), considering its radiative similarity with
the RCP8.5 scenario. Though the GPWv4 data consists of
the global estimates of population count every 5 years
between 2000 and 2015, we used the population count
estimates for 2005 for the historical analysis in line with
our historical (1985-2005) period. In contrast, the
obtained SSP5 projection data covers the years 2081-2100
with a temporal resolution of 10 years. To calculate inter-
annual changes in the exposure, we linearly interpolated
the 10-yearly data and created yearly population time
series for use in our exposure analysis.

We also regridded the population datasets to match
the native grid of the climate model data. These datasets
have a grid resolution of 2.5arc min (~5km) and
7.5 arc min (~10 km), slightly higher than our climate
model grid. Therefore, we first coarsened the relatively
higher resolution population datasets to approximately
match the climate model grid resolution. This avoided
significant information loss while remapping. Finally, we
bilinearly interpolated the population data grid onto the
climate model grid.

2.6 | K-means clustering algorithm

We employed the K-means clustering algorithm to con-
ceptualize seven climatologically unique regions across
Turkey, consistent with the traditional categorization of

Turkey's geographical regions into seven distinct areas.
The clustering of these regions is based on the hourly
2-m temperature, 2-m RH and total precipitation model
outputs aggregated to seasonal values for each season in
a year and averaged across the historical period. For this
purpose, we used the K-means algorithm, and the com-
putations are made using Lloyd's algorithm. Overall, the
K-means algorithm aims to cluster data points whose dis-
tance to a centroid is minimized. The clustered regions
are shown in Figure 2.

For brevity, these regions are named according to
their geographical location and proximity to water bod-
ies, which we elaborate on in the results
section (Table 1). For example, the region constrained to
the western coast of the country is referred to as RWC
(i.e., Region West Coastal). The naming convention,
along with the population statistics (i.e., population per-
centage and projected changes) for each of these concep-
tualized regions, are given in Table 2. The regions RWC
and RSC constitute the biggest shares of the total popula-
tion in the country, with corresponding percentages of
21.41% and 25.60%. About 17% of the total population
resides in both the regions RSI and RNI, while the
remaining K-means regions combined make up less than
20% of the total population. These regions are used
throughout the study, complementary to the nationwide
analyses, particularly while analysing population expo-
sure to the humid heat extremes.

3 | RESULTS
3.1 | Model verification

We verify the seasonally aggregated extreme and median
WBT values derived from the hourly 2 m temperature
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TABLE 2
for conceptualized K-means regions.

Statistics Reg. 1 Reg. 2 Reg. 3
Region name RNC RNI RSC
Population share (%) 5.52 17.52 21.41
Population change (%) 30.91 5.33 8.84

Note: The population share is based on the population estimates for 2005.

The region names used throughout the study, along with the share of the population and the projected population changes,

Abbreviations: C, coastal; E, eastern; I, inner (continental); M, mountainous; N, northern; R, region; S, southern; W, western.

(a) Historical average q99 of the WBT

(C) Historical max WBT

Reg. 4 Reg. 5 Reg. 6 Reg. 7

RSI RSIM REI RWC

16.74 6.52 6.69 25.60

—-14.41 -12.90 —-11.90 —-15.27
(b) Projected average q99 of the WBT

13 19 25 31

(d) Projected max WBT q99 in °C
13 19 25 3

Max. in °C

FIGURE 3 The average annual q99 (a, b) and max (c, d) values of the wet-bulb temperature (WBT) in degrees Celsius for each grid in
the historical (a—c) and projection (b-d) periods. The average annual values were computed by calculating the q99 and max for every year in
the corresponding historical and projection periods and then averaging them across the respective periods.

and 2 m relative humidity model outputs against the
WBT derived from the ERAS5-Land reanalysis for
the 1985-2005 base period. Overall, the bias-correction
approach we utilize performs well in representing the
base period conditions for the WBT variable as portrayed
by the ERA5-Land reanalysis data. The readers are
referred to Data S1, Supporting Information for an in-
depth validation of the model output.

3.2 | Anticipated changes in intensity
and frequency of humid heat extremes

We first evaluate the country-wide humid heat stress
extremes, characterized by the WBT, in the historical
period, as well as the projected changes in their intensity,

absolute frequency and relative frequency. Figure 3
shows the average annual 99th quantile (q99) and maxi-
mum (max) values of the WBT for each grid in the histor-
ical period and the projected changes in these values.
Our results (b-d) suggest pronounced increase in q99 and
max values across the majority of the country, especially
along the coasts, relative to the historical period. This is
evident by the q99 values in the projected period surpass-
ing 29°C in some regions, compared to the q99 values in
the historical period capped by the severe heat stress
threshold of 27°C (Figure 3a). A model bias of less than
0.5°C for q99 against the ERA5-Land over the majority of
the country in the historical period highlights the impor-
tance of these changes (Figure S5b). Further, the average
annual max values are also expected to follow a similar
increasing pattern in the projection period. Although
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FIGURE 4 The regional maximum of the q99 values simulated during the historical (a) and projection (b) periods for each
conceptualized K-means region. Each region is colour-coded, and readers can refer to Table 2 for a detailed description of these regions.

these values rarely exceed 27°C in the historical period
(Figure 3c), there could be an increase by as much as 4°C
in the projection period, approaching the dangerous heat
stress threshold of 31°C. The all-time max in the country
exceeds 33.8°C, an almost deadly WBT threshold. Most
changes are concentrated along an elongated portion of
the coastal areas of Turkey. Nevertheless, epicentres
of the increase in extremes coincide with lower topogra-
phy and can be clustered as follows: an array of cities east
of the Marmara Sea, including Kocaeli, Sakarya, Duzce
and Zonguldak; Izmir and Aydin on the Aegean coast;
Antalya, Adana and Hatay on the Mediterranean
coast; Samsun and Ordu on the Black Sea coast; Diyarba-
kir and Sanliurfa to southeast Turkey (Figure S1).

As can be seen in Figure 4, the surge in q99 values in
the projection period is also evident for the conceptual-
ized K-means regions. Both in the historical and projec-
tion periods, the highest WBT values are present in RSC
and RWC, which constitute 21.41% and 25.60% of the
total population in Turkey, respectively (Table 2).
The lowest regional q99 values are seen in REI, located
in the eastern parts of the country. While the regional
maximum 99 values are mostly constrained to the 27°C
threshold in the historical period, they occasionally
exceed 30°C in the projection period, with these values
hovering around the 26-27°C thresholds over most of the
conceptualized K-means regions. This is further sup-
ported by the regional maximum q99 values in almost
every K-means region, except for RSC and RSI, that expe-
rience statistically significant increasing trends in the his-
torical period at the significance level of 95%.

We further evaluate frequency metrics that are
derived from the WBT and based on absolute and relative
heat stress thresholds. Prolonged exposure to threatening
humid heat stress for a number of successive hours could
increase the risks of illnesses and deaths (Sherwood &
Huber, 2010). This qualifies it as a relevant metric to be

considered in our analysis. Moreover, we differentiate
between the absolute and relative frequency metrics
because even if a region does not experience severe abso-
lute humid heat extremes (e.g., 27°C), the magnitude of
the change in local relative extremes (as characterized by
higher quantiles such as q99) can still signal significant
changes in the climate of the region.

Our findings show that while the NOD27 and
NOCH27 are geographically constrained to the city of
Adana in the historical period (Figure 5a-c), they encom-
pass a geographically wide area in the projected period
with dramatic increases in their magnitudes, with
increases as much as 45 days for the NOD27 and 12 h for
the NOCH27 (Figure 5b-d). Considering the bias in
NOD?27 of mainly less than 2 days over the city of Adana,
the projected changes in these frequency metrics are sig-
nificant. The regions with the greatest rise in the NOD27
and NOCH27 coincide with the cluster of areas in
Figure 3, communicating the higher likelihood of humid
heat extremes reigning within these locations. Over most
of these clustered regions, almost a month every year is
expected to experience severe humid heat stress, though
not consecutively. Unlike the NOD27, the NOCH27
expresses the consecutive nature of heat stress, and the
change in this metric relative to the historical period
reaches half a day (i.e., 12 h). Particularly, the city of
Adana is projected to be dominated by 10 h of severe
humid heat stress in succession.

Some other regions, including the south of the Mar-
mara Sea and the northwestern and southeastern edges
of the country, are also subject to a rise in NOD27 and
NOCH27, though less in magnitude than anticipated for
the clustered regions. However, these regions with a
slight increase in absolute frequency of the WBT
extremes experience some of the greatest increases in the
relative frequency metric of NOCHQ99 suggesting
increased soil moisture deficit (Figure 5e,f). The surge in
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The historical period conditions (a, c, e) and projected changes (b, d, f) in the employed frequency metrics for humid heat

extremes. These metrics are NOD27 (a, b; the number of days above 27°C), NOCH27 (¢, d; the number of consecutive hours above 27°C),
and NOCHQ99 (e, f; the number of consecutive hours above the local q99). The units are the same for each historical-projection period
combination. The historical period q99 values are used to calculate the relative change in the projection period in (f).

NOCHQ99 values in the projection period is also notable
for the surrounding of the most populated cities in
Turkey, Istanbul and Ankara. It should be emphasized
that although the coastal areas bear the burden of
increase in the frequency of severe humid heat stress, a
wider geographical area across the country, roughly 56%
of the land area, is expected to confront conditions of
heat stress, similar to the upper tail of the historical-
period for at least an additional 10 consecutive hours.

3.3 | Population exposure to humid heat
extremes in Turkey

We first examine the population distribution in
Turkey for 2005 and the average population for 2081-
2100 and calculate the percentage change between these
periods (Figure 6). Overall, in the projection period, the

population amount over many of the city centres is redis-
tributed to populate their surroundings, thus reducing
the population intensity in these regions, which include
most of the cities enlisted in the clustered regions
expected to experience a dramatic increase in severe
humid heat stress (Figure 3). Therefore, consideration of
the temporally evolving interaction between population
amount and humid heat stress is crucial for quantifying
population exposure.

Figure 7 illustrates the population exposure in the
historical period, together with projected changes in the
total population exposure and its components. The unit
for the population exposure in our analysis is person-
days, communicating the average number of people in a
year that encounters severe humid heat stress with
a daily maximum temperature of 27°C over a number of
days. Consistent with the spatial distribution of the fre-
quency and magnitude of severe humid heat stress in the

85U8017 SUOWWOD A1) 8|l jdde ay) Ag peusenob a1e sooile VO ‘8sN JO S8|nJ o} Akeiq18uljuO 8|1 UO (SUOTIPUCO-PUEB-SWIBIW0D A8 | 1M AJeiq 1 Bul [UO//:SdNy) SUORIPUOD pue swie 1 8y} 89S *[yZ0z/ZT/vz] uo Ariqiaulluo Ae|im ‘Ariqi usD Aq 6558°00(/200T 0T/I0p/wW00 A8 | Ake.d 1 jpulju0'SIBWL//SdNY Wolj pepeojumod ‘TT ‘4202 ‘8800260T



DONMEZ ET AL.

International Journal

EIRMets

of Climatology

] ee—
0 0.005 0.1 1.2

] e e—
0 0.005 0.1 1.2
Total Pop. (no. of people) 108

I [
-500 -100 -25
Pop. change (%)

FIGURE 6

The total number of people at each grid during the historical (a) and projection (b) periods, along with the corresponding

percentage change in population between these periods (c). We used the year 2005 to represent the historical period (GPWv4 data) and the
average population amount to represent the projection period, specifically the average for the 2081-2100 period (SSP5 population estimates).

historical period, the exposure to such conditions is lim-
ited to specific geographic areas during the same period.
The population exposed to these conditions is mainly
located in the southeastern city of Adana and east of the
Marmara Sea. The exposure to severe humid heat stress
rarely exceeds 1 million person-days. In contrast, in the
projection period, the total population exposure increases
by at least 5000 person-days along most of the coastal
locations, with a spatially intermittent surge in exposure
by as much as 1.6 million person-days along this coastal
line (Figure 7d). The areas with a surge in exposure to
severe humid heat stress coincide with the cluster of
regions emphasized in the intensity and frequency analy-
sis (section 3.2). These clusters include the surroundings
of Adana, Antalya, Izmir, Sakarya, Ordu and Diyarbakir.
Our findings suggest that the population living close to
coastal areas is particularly vulnerable to severe humid
heat stress on a yearly basis. Exposure to these extremes
occurring in the inland continental regions of the country
is sporadic, with projections showing less pronounced
increases. The population in far eastern Turkey is almost
entirely spared from exposure to severe humid heat

stress. We again stress that cities accommodating mil-
lions of people, including Istanbul and Izmir, experience
the greatest increase in exposure. This is in spite of the
finding that the majority of these cities will lose some of
their population to their surroundings (Figure 6).

We further focus on the climate and population com-
ponents of the total exposure (Figure 7b,c). These compo-
nents can be interpreted as “the change in exposure if the
climate of Turkey evolved in the future with the popula-
tion remaining the same as 2005” and “the change in
exposure if the climate remained the same as the average
of the last five years in the historical period with the pop-
ulation evolving in the future.”

In a scenario where the only evolving component of
the population exposure is the climate (Figure 7b), the
immediate surrounding of Adana, Antalya, Diyarbakir
and Sakarya would see an increase in exposure relative to
the total population exposure (Figure 7d). For example,
Adana would see an increase of as much as 6 million
person-days. The cities of Antalya and Sakarya would see
an increase of at least 1 million person-days, though the
geographical scope of these increases is limited. An
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FIGURE 7 The total population exposure to severe humid heat stress (27°C) during the historical period (a) and the projected changes
in the total population exposure (d), along with its climate (b) and population components (c). The population estimates for the year 2005
(the average of 2081-2100) were used for the calculation of exposure during the historical (projection) period. The units are in person-days,
representing the number of people multiplied by the number of days in a year where the daily maximum wet-bulb temperature is above
27°C. The climate and population components of exposure can be understood as the following: “the alteration in exposure if Turkey's
climate progresses into the future while maintaining the population of 2005” and “the alteration in exposure if the climate remains at the
average of the last five years in the historical period while the population advances into the future.”

increase of up to 500,000 person-days would be seen
across the city of Diyarbakir. In contrast, some regions,
including the west of Sakarya and the north of Adana,
would see a decrease in exposure in the range of 500,000
1 million person-days. These changes in the climate com-
ponent of the exposure compared to the changes in the
total population exposure are provided by the projected
increase and decrease in population from the last year of
the historical period to the projection period. On the other
hand, in a scenario where the only evolving component of
the population exposure is the population (Figure 7c), the
geographical extent of the exposure would be almost no
different than that in the historical period exposure
(Figure 7a). And the projected changes in exposure would
be roughly one order of magnitude less than that for the
total exposure, with a maximum exposure change of about
200,000 person-days in the city of Adana.

Humid heat stress not only intensifies over Turkey in
the projections, but it also becomes more likely to occur
in succession on an hourly basis, a condition associated
with increased morbidity and mortality risk. This

highlights the need to quantify the size of the population
at risk of experiencing threatening heat stress conditions
for multiple consecutive hours. Figure 8 displays the per-
centage of the total population in Turkey that is expected
to experience three different humid heat stress thresholds
(i.e., 27, 29 and 31°C) for various consecutive hours. To
calculate this percentage, we used an algorithm
to retrieve the persistence index, defined as the maximum
number of consecutive hours above the WBT thresholds
at every grid in our domain. We performed the same per-
sistence index calculation for every year in the projection
period. From this, we obtained both the temporal average
and maximum values of the yearly persistence index.
Finally, we divided the average population amount
(i.e., 2081-2100 average) aggregated across grids that sat-
isfied a threshold and consecutive hour criteria with the
average total population amount to obtain the percent-
age. The solid and dashed lines in Figure 8 represent the
temporal average and the temporal maximum of
the yearly persistence index, respectively. The dashed
lines illustrate a worst-case scenario.
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FIGURE 8 The percentage of Turkey's population that is
anticipated to be exposed to three humid heat stress thresholds

(27, 29 and 31°C) during a period of various consecutive hours. The
solid and dashed lines illustrate the temporal average and the
temporal maximum of the yearly persistence index, defined as the
highest number of consecutive hours above the utilized wet-bulb
temperature criteria for each grid in our domain.

Overall, we see a gradual decrease in the exposed per-
centage with an increase in consecutive hours. While, on
average, 20.4% of the total population is exposed to 27°C and
above for at least 1 h, only 4.15% of the total population is
projected to experience this severe heat stress for five consec-
utive hours. These percentages correspond to roughly 13 mil-
lion and 3 million people with respect to the mean projected
population amount, respectively. Further, 3.5% of the total
population is expected to experience 29°C and above, while
this percentage is limited to 0.12% for at least five consecutive
hours. Our projections suggest that the dangerous humid
heat stress threshold of 31°C might be experienced by only
0.13% of the total population for at most one consecutive
hour. It should be noted that 0.13% of the total population
corresponds to more than 80 thousand people. Interestingly,
as part of the worst-case scenario, more than half of the pop-
ulation is exposed to severe humid heat stress (i.e., 27°C) for
at least 1 h, with this value reducing to 22.5% for six consecu-
tive hours. The percentage of people that hypothetically
might experience dangerous humid heat stress (i.e., 31°C)
for five consecutive hours is 0.17%, still higher than the aver-
age exposed percentage to this threshold for at least 1 h. The
remarkable detail is that the line for the hypothetical worst-
case scenario for a higher humid heat stress threshold closely
follows the line of its lower threshold counterpart.

3.4 | Regional aspects of population
exposure in Turkey

A nationwide look at the projected exposure to summer-
time humid heat extremes depicts that these extremes are

of Climatology

predominantly clustered along the western, northern and
southern peripheries of the country, though the magni-
tude of exposure varies within these regions. Moreover,
both the humid heat extremes and the population
amount across the country exhibit annual variability.
Considering these, we elaborate on the regional variabil-
ity in total population exposure to two WBT thresholds
(i.e., 27 and 29°C) for each year in the historical and pro-
jected periods (Figures 9 and 10). The regional mean and
maximum of the population exposure are shown in Fig-
ures 9 and 10, respectively, and the colours in the figures
correspond to the conceptualized K-means regions
(Figure 2 and Table 2). In each figure, (a) and
(b) subfigures correspond to the yearly exposure to the
severe humid heat stress threshold of 27°C for the histori-
cal and projection periods, respectively, while subfigure
(c) represents the yearly exposure to the 29°C threshold
during the projection period.

First, there are no clear trends individually in the his-
torical and projected time frames. However, there is a
substantial rise in the regional mean population exposure
to humid heat stress, rising to almost two orders of mag-
nitude, from the historical period to the projection
period. This is particularly noticeable in RSC, RWC and
RNC, as shown in Figure 9. For example, while the mean
exposure to severe humid heat stress for RWC is less than
3000 person-days in the historical period, it exceeds
100,000 person-days in 2 years in the projection period,
with a minimum mean exposure of about three times the
maximum mean exposure in the historical period. A sim-
ilar change is also evident in RSC. Second, the mean
exposure to the 29°C threshold in the projection period
in RSC, RWC and RNC is, interestingly, greater than the
corresponding mean exposure to 27°C in the historical
period. RWC, in particular, is subject to maximum mean
exposure to 29°C up to seven times the maximum
mean exposure to 27°C in the historical period. In addi-
tion, while the mean exposure to 27°C in RNC is predom-
inantly close to zero during the historical period, the
mean exposure to 29°C in the same region occasionally
exceeds 2500 person-days in the projection period.

The regional maximum population exposure also
experiences a surge between the historical and projected
periods, with the increase reaching one order of magni-
tude in some years (Figure 10). RSC and RWC are again
the regions with the highest total population exposure,
followed by RNC. However, it is RWC that is subject to
the greatest increase in maximum regional exposure.
Namely, though RSC dominates in the maximum expo-
sure to severe humid heat stress in the historical period,
RWC takes the lead in the projection period, confronting
a total population exposure of as much as 3 million
person-days (Figure 10b). The maximum exposure to
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FIGURE 9 Regional-mean yearly exposure to 27°C (severe humid heat stress) in the historical (a) and projection periods (b), along with

regional-mean yearly exposure to 29°C only during the projection period (c). The exposure values are shown in the person-days unit. The

conceptualized K-means regions are represented with different colours, consistent with the colours in Figure 2.

27°C in the same period in RSC oscillates about the 1 mil-
lion person-days threshold. Additionally, it should be
noted that the K-means regions that are situated across
the inner continental parts of the country (i.e., RNI, RSI
and RSIM) also encounter maximum exposure to severe
humid heat stress of up to 100,000 person-days in the
projection period (Figure 10b,c), whereas this was not
the case for the projected regional mean exposure
(Figure 9b,c).

4 | DISCUSSION

Our results accentuate the surge in humid heat extremes
and the consequent population exposure to these condi-
tions, particularly along the coastal areas of Turkey. This
is accompanied by an observed increase in warm spell
duration and a projected increase in surface temperatures
by as much as 5°C, primarily in regions with coastal
characteristics (Onol & Unal, 2014; Toros et al., 2019).
Our findings carry significant implications for society and
a wide range of sectors, including the economy and

tourism. Namely, the vast majority of the population in
the country resides in proximity to coastal locations, ren-
dering those with pre-existing health problems or limited
access to cooling systems more susceptible to the adverse
impacts of humid heat stress. Further, studies suggest a
reduction in labour productivity due to the direct expo-
sure of outdoor workers to heat stress conditions (Dunne
et al., 2013), thereby indirectly affecting overall economic
productivity.

Our projections indicate that individuals will not only
experience intensified humid heat stress but will also face
prolonged exposure to such conditions for several hours
in succession. Speizer et al. (2022) showed that day-
to-day clustering of humid heat extremes is possible in
some regions. This finding, along with ours, can serve as
a proxy for predicting the likelihood of an hour with
humid heat extreme occurrence being followed by
another. Further, it is well established in the literature
that morbidity and mortality become more likely with
exposure to humid heat extremes for many consecutive
hours (Buzan & Huber, 2020). Notably, a more compre-
hensive analysis would consider quantifying population
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along with regional-maximum yearly exposure to 29°C only during the projection period (c). The exposure values are shown in the person-

days unit. The conceptualized K-means regions are represented with different colours, consistent with the colours in Figure 2.

exposure to heat stress taking into account various socio-
economic and demographic characteristics, including but
not limited to different age groups, income levels, literacy
and underlying health conditions.

We demonstrate the regions in Turkey that are most
susceptible to dangerous humid heat extremes and to
what extent the population will confront these extremes,
informing the decision-makers about the cluster of
regions that needs particular focus in terms of mitigation
and adaptation. While most research focuses on the
global aspects of humid heat extremes and population
exposure, greater attention should be directed toward the
regional aspects (Batibeniz et al., 2020; Rogers
et al., 2021). This is particularly important since countries
might have different methods of coping with heat stress
in different regions. Our results suggest that while the
epicentre of the changes in the intensity and frequency of
dry heat is rather wider geography spanning the eastern
and western portions of the country (Onol & Unal, 2014;
Sen et al., 2012), the corresponding changes in humid
heat are more localized, such as in the surrounding of

Adana and Sakarya. Despite the dissimilarities in climate
between these cities, they share two vital features: prox-
imity to a water resource and low topography. We argue
that, in addition to synoptic-scale forcings, these charac-
teristics are pivotal in shaping the spatial distribution of
humid heat extremes. We do not dive into the large-scale
synoptic conditions that are conducive to these extremes
in Turkey. However, this should be prioritized in future
work, as it is shown in the literature that there is a vari-
ety of meteorological conditions that can promote humid
heat extremes in a region modulated by local and
regional factors, such as topography, land use/land cover,
and irrigation regimes (Raymond et al., 2017, 2020).
Although we are unable to make direct comparison with
the outcomes of other humid heat stress studies, our
results are consistent with the finding that coastal Middle
Eastern locations are more prone to confront humid heat
stress (Raymond et al., 2020), and it is these coastal
regions that are projected to experience the largest
increase in humid heat across the country, similar to
what Diffenbaugh et al. (2007) argue. Our study provides
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a benefit to the modelling community in the sense that
we show the reproducibility of the reference-period
humid heat conditions over one of the countries suscepti-
ble to these conditions the most. This is further critical
given that the majority of the regional studies leans
toward the use of a reanalysis, and evaluating the model
performance against reanalysis should be prioritized for
regional humid heat stress studies (Mishra et al., 2020).

Here, the urbanization impact, which we cannot
account for in our study given our model resolution,
should be incorporated into our understanding as a vital
factor that can further restructure the spatial and tempo-
ral characteristics of humid heat stress. Urbanized
regions promote the well-established urban heat island
effect, which becomes more prominent at night (Oke
et al., 2017). Thus, greater temperature values over urban
areas, occasionally coincident with high-humidity condi-
tions, can exacerbate humid heat extremes, especially at
night. It should also be noted that urban surfaces can act
to reduce humidity over wurban regions (Meili
et al., 2022), compensating for the increase in humid heat
stress due to temperature increase (Coffel et al., 2019).
Again, our results can not explicitly account for the
urbanization-induced changes in humid heat stress.
Using convection-resolving scale simulations coupled
with urban canopy layer models will not only facilitate a
better understanding of local circulations triggered by
urban surfaces but also provide the researchers with an
environment to test the sensitivity of humid heat stress to
these local circulations.

Our findings align with the expected humid heat
stress conditions in a future where significant measures
to curb CO, emissions are not taken. However, studies
emphasize that the range of dry heat conditions in
Turkey can vary dramatically across the spectrum of the
different emission scenarios (Demircan et al., 2017).
The same comparison should also be made for the humid
heat extremes in Turkey since our findings of exposure to
these extremes likely represent the worst-case scenario.
Another limitation of our study is that we cannot quan-
tify uncertainty in humid heat stress exposure. This is
because our results are based on the simulations that use
a single initial-boundary condition data. This limitation
can be overcome by using an ensemble of simulations,
which incurs a high computational cost, particularly at
convection-resolving scales.

Finally, we use the wet-bulb temperature as our
humid heat stress metric, while a variety of other metrics
can be employed for the same purpose, including the
Heat Index (Anderson et al., 2013) and Wet-Bulb Globe
Temperature (Willett & Sherwood, 2012). Given the sen-
sitive nature of heat stress magnitude and pattern to the
employed metric (Freychet et al., 2022; Tuholske

et al., 2021), we reiterate the importance of metric com-
parison studies for Turkey that can robustify our conclu-
sions. Nevertheless, we still argue that the overall pattern
of humid heat stress extremes and population exposure
across Turkey would look similar regardless of the used
metric and concentrate along most of the coastal regions.

5 | CONCLUSION

In this study, we elaborate on the anticipated changes in
the frequency and intensity of humid heat extremes and
the population exposure to these extremes in Turkey
between the defined historical and projection periods. To
address this issue, we run long-term simulations using
the COSMO-CLM model and employ the wet-bulb tem-
perature, more accurately reflects the effect of climate on
human health, as our heat stress metric derived from the
surface temperature and relative humidity model out-
puts. We communicate not only the nationwide changes
in the pattern and magnitude of humid heat stress and
exposure but also regional aspects of it, conceptualizing
K-means regions. The conclusions are as follows.

First, the intensity of humid heat extremes increases
dramatically across the country. The average annual q99
of wet-bulb temperature experiences an increase by more
than 2°C exceeding 29°C in some regions in the projec-
tion period, with the all-time maximum reaching 33.8°C,
an almost deadly threshold.

Second, similar changes are also revealed for the fre-
quency of humid heat stress. The most significant
increase in NOD27 and NOCH27 during the projection
period is seen over the cluster of regions, which include
the surroundings of Adana, Antalya, Izmir, Sakarya,
Ordu and Diyarbakir, most of which are coastal locations.
Nearly 1 month per year is anticipated to experience
severe humid heat stress over these clustered regions,
though not consecutively. Specifically, our projections
indicate that the city of Adana will experience severe
humid heat stress lasting for 10 consecutive hours, and
approximately 56% of the land area across the country
will face a local upper tail of heat stress conditions for at
least an extra 10 consecutive hours during the projection
period.

Finally, despite the projected population loss of cities
to their surroundings, we highlight a surge in total popu-
lation exposure to humid heat stress along most coastal
regions by as much as 1.6 million person-days, which we
mainly attribute to the change in the climate similar to
Freychet et al. (2022). During the historical period, in
contrast, the exposed population is constrained to the
surrounding of Adana and east of the Marmara Sea, with
exposure seldom exceeding 1 million person-days. From
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a regional perspective, the population residing in the
RSC, RWC and RNC regions is expected to confront
the highest levels of exposure to humid heat stress.
Remarkably, these regions are mainly located along the
coast, except for the far eastern parts of the RSC region.
Additionally, our analysis suggests that more than 20% of
the total population in Turkey can experience severe
humid heat stress for at least 1 h, with this number
reduced to 4.15% for at least five consecutive hours.
Therefore, national mitigation strategies should be estab-
lished to address the impacts of humid heat stress in
these regions. This is especially important for individuals
working in direct sunlight, those with limited access to
air-conditioning, healthcare services, emergency medical
care as well as the homeless, elderly populations and
individuals particularly those suffering from specific
health conditions.
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