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Abstract
The disclosed study undertook a ‘human centred-approach’ that ascertained and categorised environmental human
thermophysiological risk factors by relating them to the human biometeorological system through the use of three widely utilised
energy balance model (EBM) indices, the physiologically equivalent temperature (PET), the modified PET, and the universal
thermal climate index (UTCI). The disclosed assessment was carried out over the past decade (i.e., 2010–2019) with a 3-h
temporal resolution for the case of Ankara through twoWMOmeteorological stations to compare both local urban and peri-urban
environmental conditions. The study recognised extreme annual variability of human physiological stress (PS) during the
different seasons as a result of the biometeorological processing of the singular variables, which in the case of average PET
for both stations, varied by up to 75 °C between the winter and summer for the same annual dataset (2012). In addition, all EBMs
indicated higher heat stress within the city centre that were conducive of both urban extreme heatwaves and very hot days during
the summermonths, with extreme heat stress levels lasting for longer than a weekwith PET values reaching amaximum of 48 °C.
Similar cold extremes were found for the winter months, with PET values reaching − 30 °C, and average PS levels varying lower
in the case of the peri-urban station.
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Highlights
▪ Thermal comfort thresholds examined at a 3-h temporal resolution over
last decade
▪ Extreme variability of annual human physiological stress levels were
identified
▪Urban and peri-urban meteorological stations presented large bioclimat-
ic differences
▪ Energy balance models revealed a more wholesome appraisal of envi-
ronmental conditions
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Abbreviations
CS# Cold stress (level 1–7)
CTIS Climate-Tourism/Transfer-Information-

Scheme
DJF December January February
EBM Energy balance model
FDDs Frequency distribution diagrams
GCMs Global circulation models
HS# Heat stress (level 1–7)
JJA June July August
KG Köppen-Geiger
MAM March April May
MEMI Munich energy-balance model for individuals
mPET Modified physiologically equivalent tempera-

ture (°C)
MSs Meteorological stations
NS No thermal stress
Oct Cloud cover
PET Physiologically equivalent temperature (°C)
PR Precipitation
PR Perspiration rate
PS Physiological stress
PT Perceived temperature (°C)
RCMs Regional climate models
RH Relative humidity (%)
SET* Standard effective temperature (°C)
SON September October November
Ta Air temperature (°C)
TCr Core temperature (°C)
Tmrt Mean radiant temperature (°C)
TÜBİTAK Scientific and Technological Research Council

of Turkey
TSk Skin temperature (°C)
UHI Urban heat island
UTCI Universal thermal climate index (°C)
V Wind speed (m/s)
V1.1 Wind speed at 1.1 m from ground (m/s)
VP Vapour pressure (hPA)

1 Introduction

When considering the existing literature of thermal comfort
studies thus far, there has been a promising expansion of stud-
ies which aim to approach, examine, and improve
thermophysiological conditions within urban environments.
Such efforts can arguably be associated to the growing climate
change adaptation agenda that has further instigated the sci-
entific community to improve the overall climatic responsive-
ness towards both indoor and outdoor contexts. As the grow-
ing need for applicative interdisciplinary knowhow augments
amongst different disciplines, the multifaceted topic of envi-
ronmental biometeorology is continually growing in

importance in light of long-term human wellbeing, safety,
and prosperity (Alcoforado 1996; Christen 2020; Ketterer
and Matzarakis 2014; Nouri and Matzarakis 2019; Shashua-
Bar et al. 2012; Vanos et al. 2010). Promisingly, and even in
very novel global issues, such interdisciplinary application in
environmental scopes continues to be espoused, including to
the SARS-CoV-2 pandemic as exemplified by the recent re-
view study undertaken by Cheval et al. (2020).

Ultimately, such a ‘human-centred approach’ relays to the
aim in identifying and adjusting local microclimatic factors in
order to ensure thermal responsive urban environments
(Hebbert and Mackillop 2011; Reiter and Herde 2003;
Wilbanks and Kates 1999). Respectively, and while both
global circulation models (GCMs) and regional climate
models (RCMs) shall continue to play an indispensible scien-
tific role in understanding more encompassing climatic dy-
namics, an equally major consideration must be made to the
relationship of such direct dynamics upon the human biome-
teorological system. As a result, and in alliance with such top-
down approaches, bottom-up approaches must play a pivotal
role in comprehending the crucial dynamic relationship be-
tween bioclimatic stimuli upon the human body. Moreover,
although tackling the exposures of cities to hazards that have a
huge impact but low frequency is fundamental, the reversal of
this paradigm is also valid. In other words, and as recognised
early on, ensuring the management of the ongoing high-
frequency microscale climatic stimuli within the anthropogen-
ic environment is just as crucial (Hebbert and Webb 2007;
Höppe 1984; Höppe 1999; Oke 1988; Olgyay 1963).

In line with numerous recent studies, which maintain such
perspectives (e.g., Binarti et al. 2020; Charalampopoulos
2019; Coccolo et al. 2016; Miao et al. 2019; Nouri et al.
2018a; Potchter et al. 2018; Yang and Matzarakis 2019), it
is recognised that the ‘human-centred approach’ requires the
use of a thermal comfort indices in order to wholesomely
evaluate urban thermophysiological conditions. As identified
by studies undertaken by Freitas and Grigorieva (2015),
Freitas and Grigorieva (2016), and Spagnolo and de-Dear
(2003), since the turn of the century, over 160 human thermal
comfort indices have been elaborated to assess thermal stress
conditions. From this vast amount of samples, and in
accordance with posterior review studies, including those
undertaken by Potchter et al. (2018) and Staiger et al.
(2019), only a very limited number of these are recurrently
utilised to evaluate human biometeorological responses to ur-
ban environmental conditions.

Considering the Turkish capital city of Ankara, where few
thermophysiological studies have thus far been undertaken,
this study analyses the physiologically equivalent temperature
(PET) (Höppe 1999; Mayer and Höppe 1987), the modified
PET (mPET) (Chen and Matzarakis 2017), and the universal
thermal climate index (UTCI) (Bröde et al. 2012; Jendritzky
et al. 2012; Jendritzky et al. 2002) for the last decade. Such
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indices were calculated through the collection and processing
of singular climatic variables from two meteorological sta-
tions (MSs) through the use of the biometeorological model
RayMan Pro© (Matzarakis and Rutz 2006; Matzarakis et al.
2010). Attentive to the ‘human-centred approach’, the study
launches a pilot investigation into three interconnected aspects
that identifies the (i) behavioural differences between the three
energy balance model (EBM) indices; (ii) variances in
thermophysiological conditions based on the data provided
by two WMO MSs located in different locations in Ankara;
and, lastly; (iii) overall human physiological stress (PS) within
the city to obtain an encompassing comprehension of the an-
nual/seasonal/diurnal periodicity and intensity in terms of both
heat and cold levels.

2 Material and Methods

2.1 Köppen-Geiger classification and threshold
identification

According to Peel et al. (2007), the principal Köppen-Geiger
(KG) classification of Ankara is that of ‘Dsb’which equates to
a cold climate, with warm and dry summers (Table 1). At a
greater scale however, and resultant of being surrounded by
three different seas, sizeable mountain ranges, and interior
basins, Turkey witnesses a wide range of climatic classifica-
tions. In general, and in alignment also with the posterior KG
map produced byRubel andKottek (2010), the country ranges
between the ‘B’, ‘C’, ‘D’, and even ‘E’ classifications, with a
further extensive variation between their sub-classifications.
To produce a more detailed analysis of such a disparity of
climatic classifications, and based on meteorological station
data as well, Yılmaz and Çiçek (2018) produced newer maps
of regional KG distribution for Turkey. In the case of its

capital, the aforementioned study demonstrated that while pla-
teau areas within the central and eastern Anatolian regions
presented a ‘Dsb’ classification, this however varied to
‘Dsa’ within the depressions of the Anatolian plateaus.
Furthermore, it was also identified that in the particular case
Ankara, it was additionally adjacent to further classifications,
namely that of ‘Csa’ and ‘BSk’. In parallel, and also focusing
upon the case of Turkey, building upon the earlier outputs
obtained by Peel et al. (2007), such variations in KG in adja-
cent areas of Ankara were also identified by Öztürk et al.
(2017), including the classification of ‘BSk’ as well.

As can be seen from variability presented in Table 1, it is
possible to verify that the case of Ankara, and its immediate
surrounding areas, has raised some incongruity in terms of its
KG classification. As suggested by existing literature, such
climatic classification ‘zone traversing’ in Turkey can be at-
tributed to numerous reasons, including (i) subjectivity in clas-
sification stipulation rules (Unal et al. 2003), and (ii) local
precision as a result of lacking data, and scaling issues (par-
ticularly in light of Turkey’s geographical and topographical
characteristics) (Yılmaz and Çiçek 2018). While both valid
explanations, the weight of the latter is arguably more
befitting.

Based upon two singular variables, air temperature (Ta) and
precipitation (PR) data, the KG classification remains one of
the most utilised categorisation systems, and is extensively
employed within climatic studies (Chen and Chen 2013).
Albeit an effective top-down means to initially determine/
comprehend environmental conditions in different regions,
when returning to the ‘human-centred approach’ utilised in
this study, the KG system proves insufficient. This can be
relayed to two interconnected explanations, namely (i) as re-
iterated by Yang and Matzarakis (2016), while Ta and PR
variables are capable of efficiently determining hot/cold and
wet/dry conditions, the KG system is designed to determine

Table 1 Descriptive environmental summary of the Köppen-Geiger classification system according to Peel et al. (2007)

KG
class.

Colloquial name of sub-
classification

Specific environmental thresholds

General classification
descriptors

Precipitation descriptors Temperature descriptors

General
description

Climate specification General
description

Climate specification

‘Dsb’ Snow/cold climate with
dry/warm summer

Thot ≤ 21 °C and Tcold ≤ 0 Dry summer Psdry < 40 and
Psdry < Pwwet/3

Warm summer Thot ≤ 21 °C and
Tmon10 ≥ 4

‘Dsa’ Snow/cold climate with dry hot
summer

Thot ≤ 21 °C and Tcold ≤ 0 Dry summer Psdry < 40 and
Psdry < Pwwet/3

Hot summer Thot ≥ 22 °C

‘Csa’ Warm temperate with dry hot
summer

Thot > 10 °C and
Tcold < 18

Dry summer Psdry < 40 and
Psdry < Pwwet/3

Hot summer Thot ≥ 22 °C

‘BSk’ Cold semi-arid climate MAP < 10 × Pthreshold Steppe MAP ≥5 × Pthreshold Cold MAT <18 °C

MAT, mean annual temperature; Thot, temperature of the hottest month; Tcold, temperature of the coldest month; Tmon10, number of months where the
temperature is above 10;MAP, mean annual precipitation; Psdry, precipitation of the driest month in summer; Pwdry, precipitation of the driest month in
summer; Pwwet, precipitation of the wettest month in winter; Pthreshold, 2 × MAT
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the effects upon vegetation (as ascertained by Rubel and
Kottek (2011)) rather than concretely upon the human biome-
teorological system; and in association, (ii) the lack of consid-
eration of other singular variables does not permit the
encompassing thermophysiological understanding of how
the human body shall react under such environmental condi-
tions under a type of KG classification (Djamila and Yong
2016; Nouri and Matzarakis 2020; Yang and Matzarakis
2019).

2.2 Selection of singular climatic variables

Within this study, six singular climatic variables over the past
decade from two selected MSs were obtained, and later proc-
essed into the three EBM indices. Equating to a total of eight
recordings, the variables were retrieved at a 3-h interval, en-
abling the understanding of their diurnal/nocturnal fluctua-
tions between the years of 2010 and 2019. The selection of
these variables is attributed to their importance in determining
the physiological strain upon the human biometeorological
system in light of retrieved environmental conditions
(Binarti et al. 2020; Jendritzky et al. 2012; Parsons 2003).
Such variables enable a more detailed grasp on the interaction
with human thermoregulation dynamics (Hensel and Schafer
1984; Katić et al. 2016), and how the human body is generally
approached (Giannaros et al. 2018; Holopainen 2012; Höppe
1984; VDI 1998). The six variables obtained directly from the
MS were Ta, relative humidity (RH), vapour pressure (VP),
wind speed (V), cloud cover (Oct), and mean radiant temper-
ature (Tmrt). Retrospectively, the first three variables can be
associated to the analytical constituents of the KG, but the
addition of V, Oct, and Tmrt allows the effects of wind dynam-
ics and radiation fluxes to be considered, which have been
fundamental in ‘human-centred approach’ studies. In particu-
lar, such ‘bottom-up’ analytical studies have described these
variables as the strongest parameters upon urban thermal com-
fort levels (Algeciras and Matzarakis 2015; Andreou 2013;
Charalampopoulos et al. 2016; Hwang et al. 2010; Kántor
et al. 2018; Lin 2009; Matzarakis and Amelung 2008; Nouri
2013; Nouri and Costa 2017; Walton et al. 2007).

Although the calculation of the EBM indices does not re-
quire the input of both VP and RH, both were included in the
study due to their individual implications on local environmen-
tal conditions. More specifically, and as discussed by the study
undertaken by Nicol (2004), while RH is widely utilised in
thermal comfort approaches, its high dependency upon Ta en-
forces its respective ‘relativity’. VP on the other hand is a var-
iable that can better portray evaporative heat loss dynamics,
including those associated to human skin surface evaporation
patterns as formerly established by Mole (1948) and Brebner
et al. (1958). Given their association, such dynamics pertaining
to skin temperature (TSk) and perspiration rate (PR) shall be
further discussed within the subsequent section.

To avoid imprecision in V speeds that are measured at a
different level than that of pedestrian height, in order to ensure
that such measurements were pertinent to the gravity centre of
the human body, the original values were adapted to a height
of 1.1 through application of the formula as defined by Kuttler
(2000):

V1:1 ¼ V*
h

1:1

h

� �α

α ¼ 0:12*z0 þ 0:18 ð1Þ

where Vh is the m/s at a height of h (10 m); α is an empirical
exponent, depending upon urban surface roughness; and Z0 is
the corresponding roughness length. In this study, given the
general built-up urban morphological characteristics found in
Ankara, α was configured at a value of 1.5. As a result, the
resulting calibrated wind speed values were henceforth
expressed as V1.1.

Before moving onto the EBM indices, to obtain an under-
standing of radiation fluctuations, Oct values were processed
in combination with the aforementioned variables within the
biometeorological RayMan model to obtain Tmrt estimations
for each of the measurement hours. Such a parameter deter-
mines the radiative exchange between the human body with
the encircling environment. Naturally, such a parameter be-
comes a crucial component in the ‘human-centred approach’,
particularly given its intrinsic relationship with built environ-
ment elements, including urban morphological dimensions,
vegetation, topography, and surface materials (Herrmann
and Matzarakis 2012; Nouri et al. 2017; Nouri et al. 2018b;
Thorsson et al. 2017; Thorsson et al. 2014).

2.3 Selection of EBM indices

2.3.1 PET

The PET index is based upon the Munich energy-balance
model for individuals (MEMI) (Höppe 1984; Höppe 1993),
and is defined by the Ta at which, in a typical indoor setting,
the human energy budget is maintained by TSk, core temper-
ature (TCr), and PR are equivalent to those under the assessed
conditions. Moreover, and although also based upon a two-
node system, it differs from others, such as the Gagge two-
node model (Gagge et al. 1986). Generally, the greatest dif-
ference between the two can be allocated to the modification
in clothing integration. In terms of the implied specific vari-
ables, the distinction is attributed to the calculation of the
physiological PR as a complementary function of TSk and
TCr, and by the calculation of heat flows from body segments
that are covered (or uncovered) by clothing (Höppe 1999). As
expected, the type of human activity is also significant, wheth-
er it is moving or static (i.e., thus occurring as a result of the
energy consumption as a result of metabolic dynamics) which
is discussed further for the applied EBMs in the subsequent
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section after Table 2. Overall, however, and in alignment with
the succinct description by Staiger et al. (2019), “[Ta] is iter-
ated up to a balanced energy budget by adopting the meteo-
rological settings of the reference environment.” (p. 7).

2.3.2 mPET

The mPET index, similar to PET, is also upon MEMI princi-
pals, but with a few alterations to its intrinsic calculation pa-
rameters that have already proved to render slightly different
estimations of thermophysiological conditions, particularly in
extreme climatic conditions. Comparatively to the original
PET index, and according to Chen and Matzarakis (2017),
such deviations take place as a result of (i) an integrated
multiple-segment thermoregulation model (with a total of

15–25 body model nodes, instead of the original two), and
(ii) a clothing model that renders a more accurate analysis of
the human bio-heat transfer mechanism. Without discrediting
the former EBM index, numerous studies have already docu-
mented the augmented capacity of mPET to render more pre-
cise thermophysiological estimations based on its enhanced
efficiency to identify the human heat transfer dynamics be-
tween the inner and outer body (e.g., Charalampopoulos and
Nouri 2019; Chen et al. 2020; Lin et al. 2018; Nouri et al.
2017; Nouri et al. 2018b; Şensoy et al. 2020; Wu et al. 2020).

2.3.3 UTCI

The third and final EBM index utilised in this study was the
UTCI. Although divergent from theMEMI, alike the previous

Table 2 Relationship between PET, mPET, and UTCI against respective PS stress levels, each based on the MEMI and Fiala model, respectively
(source: adapted from Matzarakis et al. (1999) and Bröde et al. (2012))

(°C) PS level Stress level abr. Existing/added

MEMI-based EBM

PET/mPET*

< − 20 Beyond extreme cold stress 3 Cold stress (CS7) Added

− 20~− 10 Beyond extreme cold stress 2 (CS6) Added

− 10~0 Beyond extreme cold stress 1 (CS5) Added

0~4 Extreme cold stress (CS4) Existing

4~8 Strong cold stress (CS3) Existing

8~13 Moderate cold stress (CS2) Existing

13~18 Slight cold stress (CS1) Existing

18~23 No thermal stress (−) (NS) Existing

23~29 Slight heat stress Heat stress (HS1) Existing

29~35 Moderate heat stress (HS2) Existing

35~41 Strong heat stress (HS3) Existing

41~46 Extreme heat stress (HS4) Added

> 46 Beyond extreme heat stress (HS5) Added

Fiala model-based EBM

UTCI**

< − 40 Extreme cold stress Cold stress (CS5) Existing

− 40~− 27 Very strong cold stress (CS4) Existing

− 27~− 13 Strong cold stress (CS3) Existing

− 13~0 Moderate cold stress (CS2) Existing

0~9 Slight cold stress (CS1) Existing

9~26 No thermal stress (−) (NS) Existing

26~32 Moderate heat stress Heat stress (HS1) Existing

32~38 Strong heat stress (HS2) Existing

38~46 Very strong heat stress (HS3) Existing

> 46 Extreme heat stress (HS4) Existing

*Ranges of PS for PET and mPET calculation based upon an internal heat production of 80W, and a heat transfer resistance of the clothing set to a value
of 0.9 clo according to Matzarakis and Mayer (1997)

**Ranges of PS for UTCI calculation based upon an internal heat production of 135W, with an adaptive clothing model as stipulated by Havenith et al.
(2012)
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two indices, it is based upon a thermoregulatory model with
multiple nodes (187) that describe the human heat transfer and
thermoregulatory system, known as the UTCI-Fiala model
(Fiala et al. 2012). Intrinsic to this approach is the termed
‘local’ (or adaptive) clothing model that considers implica-
tions of the different clothing arrangements/combinations
based upon the observed clothing patterns worn by
Europeans (Havenith et al. 2012). Again, similar to the PET
and the mPET indices, the input requirements are also based
upon the aforementioned singular variables as confirmed in
the algorithms as described by Bröde et al. (2012).

2.3.4 Identification and adaptation of PS grades

As stated, all of the three EBM indices are extensively used
within thermophysiological studies. In this study, their respec-
tive selection was also attributed to their (i) feasibility in being
calibrated on easily obtainable singular climatic variables, and
(ii) their base measuring unit being (°C), thus simplifying their
interpretation for non-climatic experts such as architects, ur-
ban planners, and designers to apply such information when
approaching urban environmental conditions. Furthermore,
based upon a ‘human-centred approach’, each of the EBM
indices can be cross-examined against respective quantitative
PS thresholds as illustrated in Table 2. Within the table, while
the two types of EBM indices cannot be directly compared
due to their inbuilt calculation methods, it demonstrates the
respective relationships between the three indices and their
intrinsic PS thresholds.

In the case of PET and mPET, within this study, and in
alignment with various studies that have discussed the
relationship/calibration of thermophysiological indices
against their originally designated PS and/or thermal percep-
tion grades (e.g., Hwang and Lin 2007; Lin 2009; Lin and
Matzarakis 2008; Nouri et al. 2017; Potchter et al. 2018), the
original grades as proposed by Matzarakis et al. (1999) were
synoptically extended. While undoubtedly requiring further
s t udy t o ma tu r e t h e r e l a t i on sh i p be tween th e
thermophysiological indices (particularly in the case of
mPET on account of its deviations from the original MEMI
model, and later arrival to the scientific community in 2017),
the extension permitted the authors to better plot PET/mPET
values that either went considerably below 4 °C or above
41 °C. Nevertheless, the extensions on both extremes were
methodically approached differently.

With regard to heat stimulus, and grounded upon the ex-
ploratory ‘What if?’ approach for extreme environmental sce-
narios as conducted by Nouri et al. (2018c) and Nouri et al.
(2018a), based upon an increment of roughly 5 °C per phys-
iological threshold within the existing grade system, two new
grades were adapted beyond the original ‘extreme heat stress’
classification (> 41 °C). Attributed to them being the fourth
and fifth level of heat stress (HS) after the ‘no thermal stress’

classification, such new grades were designated as HS4 and
HS5 according to the stress level abbreviation system as
depicted in Table 2.

The objective of the abbreviation system was intended to
(i) reduce/condense the amount of terminology utilised when
referring to each of PS levels within the results/discussion
section of the paper, and (ii) to highlight that given the extend-
ed expansion from the original levels as originally described
by Matzarakis et al. (1999), further study is required to indi-
cate the correct terminology to describe such stimulus upon
the human biometeorological system.

Concerning cold stress, the issue of terminology became
particularly palpable in light of the three added cold stress
(CS) levels (i.e., CS5, CS6, and CS7) ‘beyond’ the original
‘extreme cold stress’ threshold. These added PS grades were
established upon increments of 10 °C (when below 0 °C) as
also applied in the study undertaken by Matzarakis (2014a) in
the German municipality of Sankt Peter-Ording to better plot
PET values below 4 °C. Given augmented vulnerability to CS,
as also suggested by the KG classifications indicated in
Table 1 for Ankara, such an increment was extended an addi-
tional level in order to determine PET/mPET values that went
below − 20 °C. Naturally, the terminology of ‘beyond extreme
cold stress 1–3’ requires further study to better describe, in
terminological terms, the physiological stimulus that the envi-
ronmental conditions can have upon the human biometeoro-
logical system. Nevertheless, and in light of the this study’s
objective to identify/plot such frequencies, and breadth, of
such extreme CS/HS events, the synoptic expansion of the
PS grades enabled a more encompassing delimitation of
Ankara’s thermophysiological conditions during both the
summer and winter months.

Lastly, and as noted within Table 2, both the MEMI and
Fiala model are, in general terms, based upon different cloth-
ing resistance (clo) and internal heat production values. As an
example, the basic configuration of mPET/PET calculation is
established upon a standing human being, while the UTCI is
based upon a person walking (hence, the augmented heat pro-
duction, which in the case of PET/mPET is resultant of the
human metabolism system, rather than caloric expenditure as
a result of physical activity in the case of UTCI).
Consequently, and in the interest of consistency, the basic
configuration of UTCI was constituted within the RayMan
model to be the same as those for PET and mPET.

2.4 Temporal period and meteorological station
selection

So far, the methodology of calculating EBM indices from
singular variables retrieved fromMSs has beenwidely utilised
in thermal comfort and environmental studies. Undertaken in
a wide array of KG classification typologies, and for different
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analytical temporal periods, a selection of such studies were
summarised in Table 3.

All of the disclosed twenty studies focused upon the appli-
cation of EBM indices, including those not included in this
study, namely the perceived temperature (PT) (Staiger et al.
2012) and standard effective temperature (SET*) (de-Dear
and Brager 1998; Gagge et al. 1986; Gonzalez et al. 1974).
In the case of the latter, it can also be noted that SET* is based
upon the previously mentioned Gagge’s two-node model and
applied PR. Although based upon similar methodologies and/
or variables, the identified studies were focused on numerous
intentions, topically ranging from ascertaining the (i) implica-
tions upon tourism and communication of bioclimatic infor-
mation (table study nos. 1, 10–12, 16–17); (ii) influences of
human thermal perception on index application and classifi-
cation (table study nos. 2–3); (iii) relationship with urban
structures/topography and respective modification of index

values (table study nos. 4, 6, 7–9, 13, 17–18); (iv) methodical
application of modelling packages to determine index values
(table study no. 7); (v) suitability and comparison between
evaluated indices (table study nos. 14–15, 19–20); and (vi)
potential symbiotic relationships between KG classifications
and respective indices (table study no. 5).

Given the objectives of this specific study, a temporal an-
alytical period of 10 years was selected, which enabled a suit-
able timeframe to account for yearly oscillations and identifi-
cation of both cold and heat extremes in the past decade for
Ankara. Moreover, the study retrieved data from two stations
in order to also examine/identify thermophysiological vari-
ability within the urban city centre through the WMO’s MS
N°17130 (at a latitude of 39° 58′ 22″ N, longitude of 32° 51′
40″ E, and an altitude of 886 m ASL), and the peri-urban
setting as portrayed by Ankara’s Esenboga Airport MS
N°17128 (at a latitude of 40° 07′ 12″ N, longitude of 32° 59′

Table 3 Summary of 20 selected studies using MS station data to undertake human EBM indices

# Country City KG class. Principal EBM
index

Survey period Total
years

Analysis season Source

1 Taiwan Sun Moon Lake ‘Cwa’ PET 1996–2005 10 Annual Lin and Matzarakis (2008)

2 Taiwan Taichung City ‘Cwa’ PET 2007–2008 1 1 hot and 1 cold
season

Lin (2009)

3 Taiwan Keelung, Taichung,
Tainan

‘Cfa’, ‘Cwa’,
‘Cfa/Aw’

PET 2011–2014 4 Hot/cold Seasons Lin et al. (2015)

4 Taiwan Huwei Township ‘Cwa’ PET 2000–2009 10 Annual Hwang et al. (2010)

5 China NA 11 class. PET 2000–2012 11 Annual Yang and Matzarakis
(2016)

6 Germany Freiburg ‘Cfb’ PET 1999–2009 10 Annual Herrmann and Matzarakis
(2012)

7 Germany Freiburg ‘Cfb’ PET, UTCI, PT 1999–2010 11 Annual Fröhlich et al. (2019)

8 Turkey Ankara – PET 2001–2010 10 Annual Türkoğlu et al. (2012)

9 Turkey Ankara – PET 1975–2013 38 Annual Çalışkan and Türkoğlu
(2014)

10 Turkey Antalya ‘Csa’, ‘Csb’,
‘Dsb’

PET, mPET 1960–2017
(CNTRL)

58 Annual Şensoy et al. (2020)

11 Turkey Istanbul ‘Csa’ PET 2000–2006 7 Annual Matzarakis and Karagülle
(2007)

12 Turkey Bursa ‘Csa’ PET 1975–2006 31 Annual Çalışkan et al. (2012)

13 Turkey Erzurum Plain ‘Dfb’ PET 2009–2010 2 Annual Yilmaz et al. (2013)

14 Greece Athens ‘Csa’ PET, mPET,
UTCI, PT

2002–2008 7 Annual Charalampopoulos (2019)

15 Greece Athens ‘Csa’ PET, mPET,
UTCI, PT

2002–2016 15 Annual Charalampopoulos and
Nouri (2019)

16 Greece Evros ‘Csa’ PET 1961–1990 30 Annual Matzarakis (2007)

17 Portugal Lisbon ‘Csa’ PET, mPET 2012–2016 5 Hot season Nouri et al. (2017)

18 Portugal Lisbon ‘Csa’ PET 2001–2002 1 1 hot/cold season Alcoforado and Andrade
(2007)

19 Canada Quebec City ‘Dfb’ UTCI, PET 2013–2014 1 Annual Provençal et al. (2016)

20 Iran Kerman ‘BWk’ PET, UTCI,
SET*

2016 1 Annual Zare et al. (2018)
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35″ E, and an altitude of 953 m ASL) (Fig. 1). For the case of
Ankara, and distanced approximately 20 km away from one
another, both the urban MS and peri-urban MS were those
which moreover contained the most amount of meteorological
data, fewer calibration periods, and lesser intervals between
measurement periods over the past decade.

2.5 Representation of results

With the aim of certifying the easy interpretation of the results
obtained by this study, two principal methods were utilised to
present the obtained thermophysiological outcomes.
Subsequently to the meteorological tables which depict the
minimum, mean, and maximum measurements for both sta-
tions for each season during the past decade, the Climate-
Tourism/Transfer-Information-Scheme (CTIS) (Matzarakis
2014b) and frequency distribution diagrams (FDDs) were
utilised. Correspondingly, such communication methodolo-
gies were commonly applied in international studies as exem-
plified in Table 3. In the case of the CTIS, based on the cali-
bration of the chosen thresholds and temporal period, the soft-
ware enabled the graphical representation of variable fluctua-
tions, thus aiding the interpretation of the bioclimatic out-
comes. To comply with the grades presented in Table 2, the
colour coding was based upon the upper limits of each respec-
tive PS level for the three EBM indices. Pertaining to the
FDDs, they enabled the communication of the frequency per-
centages of respective PS occurrence at a specific time of day.
In this study, the FDD hours were set at 03:00 to represent
nocturnal variations of PS, and 15:00 to portray the same
variations during the day for both stations for the assessed
indices. Correspondingly, such hours also frequently

corresponded with the coldest hour and hottest hour for each
day, further enhancing their applicability to identify cold/heat
stress frequencies.

3 Results

3.1 Singular variables

Within this section, the presented meteorological tables illus-
trate the measurements obtained for both the peri-urban and
urban MSs. Although the variables were collected at a 3-h
interval, the tables in this section were condensed to focus
instead on four critical hours abridging two nocturnal and
two diurnal measurements. Based upon an average of all years

between 2010 and 2019, the Min:, Mean:, and Max: for each
season was presented for the aforementioned 6-h interval pe-
riod pertaining to each of the singular variables. For bothMSs,
in the case of Ta, and as demonstrated in Table 4 (A), it was
possible to identify four seasons, and the considerable range

of temperatures between the DJF and JJA periods. The Min:
recorded Ta for the past decade was of − 22.5 °C recorded by
the peri-urban MS for the DJF season. On the other hand, the

Max: Ta was of 39.9 °C recorded by the urban MS during the

JJA months. It was also noted that Max: values were also
considerably high for the SON season which is due to
September still recording high temperatures with a consider-
able subsequent drop in October. Between the two stations, it
was clear that the peri-urban MS in the Esenboga Airport
presented lower Ta values in comparison to those registered
in the city centre. Such variations can partially be attributable
to urban heat island (UHI) effect that rendered differences in

Fig. 1 Location of the two
meteorological stations located in
the city’s urban meteorology
centre (#17130) and in the peri-
urban Ankara Esenboga Airport
(#17128)
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Mean: values by up to 3.4 K recorded during the MAM
months.

By a substantial amount, it was possible to verify that

obtained Max: (and even Mean: ) Ta surpassed the values
associated to a ‘Dsb’ KG classification as disclosed in
Table 1, and resemble more that of a hot summer climate
(i.e., that of a ‘Dsa’ classification) where temperatures sur-
pass the labelled Thot of 22 °C. This being said, and noting
that the snow/cold climate ‘Dsa’ Tcold threshold is based
upon its coldest month being ≤ 0 °C, such a classification
might also not be the most suitable. While the month of

January revealed a Min: Ta of − 19.5 °C, the Mean: Ta at

15:00 registered by the urban MS was of 4.1 °C, and the

Max:was 15.3 °C for the same hour. On the one hand, while
these results would be more suitable to the ‘Csa’ Tcold

thresholds of < 18 °C, such a classification would not be

compatible with the obtained Min: values for Ta. Finally,
the ‘BSk’ that is less specific about its seasonal characteris-
tics is based upon mean annual temperatures being < 18 °C,

in the case of the peri-urban MS, the Mean: was of 11.2 °C,

and the urban MS presented a Mean: of 13.3 °C.
Nevertheless, to confirm such a classification, PR measure-
ments also need to be considered in conjunction with the
measured Ta values in a future study.

Table 4 Average seasonal variations of (A) Ta (°C) | (B) V1.1 (m/s) | (C) RH (%) | (D) VP (hPA) | (E) Tmrt (°C) during the last decade with a 6-h
measurement interval for both the peri-urban and urban meteorological stations

Winter (DJF) Spring (MAM) Summer (JJA) Autumn (SON)

03:00 09:00 15:00 21:00 03:00 09:00 15:00 21:00 03:00 09:00 15:00 21:00 03:00 09:00 15:00 21:00

Peri-urb. Ta Min: − 22.0 − 22.5 − 9.4 − 15.2 − 10.6 − 10.2 − 3.4 − 5.7 6.2 11.4 10.9 10.8 − 9.7 − 10.0 1.9 − 4.7
Ta Mean − 1.0 − 1.5 5.0 1.3 5.2 7.7 14.8 10.0 16.3 20.6 27.6 22.3 8.5 9.9 19.5 13.1

Ta Max: 11.4 14.0 20.1 12.5 18.5 22.8 31.4 23.9 28.1 30.1 38.8 33.1 28.1 30.1 37.9 32.9

Urban Ta Min: − 14.5 − 15.7 − 7.1 − 10.0 − 5.9 − 5.4 − 2.4 − 3.0 9.8 11.7 13.3 12.3 − 4.4 − 7.1 3.2 − 0.2
Ta Mean 1.3 0.8 6.3 3.4 8.6 10.8 16.8 33.7 18.8 22.4 29.0 24.5 10.7 11.9 19.7 14.5

Ta Max: 13.8 15.9 20.8 14.7 21.9 25.4 33.7 28.7 29.2 31.0 39.9 37.3 24.2 28.0 37.6 29.1

Peri-urb. V1.1 Min: 0.0 0.0 0.0 0.0 0.0 0.0 0.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

V1.1 Mean 1.2 1.2 2.2 1.5 1.2 1.7 2.9 1.8 1.6 1.7 2.7 2.6 1.2 1.2 2.4 1.7

V1.1 Max: 7.1 6.7 8.8 7.7 8.4 7.4 10.4 9.4 4.7 6.1 9.4 7.7 6.1 7.1 7.4 6.7

Urban V1.1 Min: 0.0 0.0 0.0 0.0 0.0 0.0 0.3 0.0 0.0 0.3 0.0 0.0 0.0 0.0 0.0 0.0

V1.1 Mean 1.1 1.1 1.4 1.1 1.1 1.2 1.8 1.3 1.5 1.5 1.8 1.9 1.2 1.3 1.3 1.1

V1.1 Max: 5.1 5.1 5.7 5.4 5.4 6.7 7.7 5.4 4.4 5.1 6.4 5.4 5.4 6.4 5.4 5.1

Peri-urb. RH Min: 45 40 14 30 28 17 9 17 24 17 7 11 24 16 7 12

RH Mean 88 89 64 80 79 70 43 61 69 54 29 46 73 69 37 57

RH Max: 100 100 100 100 100 100 100 97 96 99 88 96 100 100 95 100

Urban RH Min: 37 33 14 28 24 2 2 2 20 22 3 6 23 19 5 10

RH Mean 83 85 63 75 71 65 41 53 62 51 28 41 68 65 38 54

RH Max: 100 100 100 100 100 100 100 99 100 99 100 99 99 100 99 99

Peri-urb. VP Min: 0.9 0.8 1.4 1.7 2.6 2.6 2.0 2.3 4.1 5.0 2.9 3.9 1.4 1.5 1.9 1.6

VP Mean 5.2 5.1 5.6 5.5 7.5 7.9 7.1 7.8 12.6 12.8 10.1 11.8 7.9 8.2 7.5 8.0

VP Max: 9.7 10.5 12.7 10.7 14.5 14.6 16.7 17.3 18.8 20.1 17.6 19.3 16.8 18.2 16.7 16.8

Urban VP Min: 1.6 1.4 1.2 1.6 2.4 0.2 0.2 0.2 4.3 6.9 1.6 2.6 2.0 1.9 1.8 2.5

VP Mean 5.8 5.7 6.0 6.0 8.1 .8.4 7.4 7.8 13.3 13.6 10.6 11.7 8.8 9.0 8.0 8.6

VP Max: 11.1 11.3 13.1 11.1 15.1 16.4 17.3 17.7 22.1 22.5 19.1 21.8 17.3 16.9 20.3 18.4

Peri-urb. Tmrt Min: − 37.6 − 32.6 − 15.9 − 29.4 − 24.0 − 16.0 − 6.0 − 18.5 − 3.8 16.1 16.2 4.1 − 23.9 − 21.2 3.3 − 18.0
Tmrt Mean − 9.4 1.8 11.3 − 6.9 − 2.9 30.5 33.3 2.7 8.0 45.7 47.3 14.3 − 1.4 22.8 28.6 3.4

Tmrt Max: 5.8 22.7 32.2 6.3 11.6 47.6 49.9 16.3 21.8 54.3 59.0 25.0 16.3 49.2 50.1 20.3

Urban Tmrt Min: − 28.4 − 19.3 − 10.6 − 24.0 − 18.1 − 7.8 − 4.8 − 14.0 0.2 16.5 35.1 5.2 − 17.8 − 16.3 2.5 − 12.8
Tmrt Mean − 6.9 6.0 13.2 − 4.8 0.0 31.5 34.7 4.7 10.6 47.1 49.4 16.2 1.8 27.8 30.2 5.7

Tmrt Max: 7.6 25.2 33.7 10.4 18.0 49.8 52.8 18.8 20.9 56.9 59.3 28.4 16.1 48.5 52.5 21.0

03:00 09:00 15:00 21:00 03:00 09:00 15:00 21:00 03:00 09:00 15:00 21:00 03:00 09:00 15:00 21:00

Winter (DJF) Spring (MAM) Summer (JJA) Autumn (SON)
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As shown in Table 4 (B), V1.1 did not show the same type
of seasonal variation as demonstrated by Ta. However, the
peri-urban MS generally revealed slightly higher values in
comparison to those registered in the city centre. Again, the
identified variations can be linked to the differences between
the peri-urban and urban morphological characteristics which
influence resulting wind permeation patterns at each MS. In
broad terms, two general similarities were identified for both

stations: (1) Mean: values were generally low for all seasons,
and (2) 15:00 was the hour which almost always revealed the
highest V1.1 values.

With regard to RH (Table 4 (C)) and VP (Table 4 (D)), the
meteorological tables revealed different environmental infor-
mation from one another. On the one hand, RH could be better

interpreted through its Mean: values due maximum percent-
ages being a frequent occurrence during days with high PR
and/or heavy fog. More specifically, it is well known that the
months of December, January, and May are the months with
the heaviest rainfall patterns, yet (particularly in the case of
May) such patterns are amalgamated with the other seasonal
months. Nevertheless, the DJF season presented the highest

Mean: percentages at both stations, which naturally accounts
for higher atmospheric water content associated to rain/snow
fall and lower Ta values. Reversely, the JJA and SON seasons
presented the lowest percentages, particularly in the afternoon
and late evening hours. Such patterns were shared between the
two MSs.

In comparison to RH, VP presented much clearer differen-
tiations between the different seasons, and between the two
MSs. When considering the DJF season, hPA values were
considerably lower due to the lower atmospheric condensation
rates in comparison to the JJA months. During the summer, a

Mean: range between 10.1 and 13.6 hPA was identified,

which in comparison, were similar to the Max: values re-
trieved for the DJF months. When considering such implica-
tions upon the human biometeorological systems, the higher
hPA values retrieved for the JJA period (and further height-
ened at the urbanMS) indicated a greater dehydration risk as a
result of the higher saturation deficit during the hotter months
of the year. Correspondingly, the increased hPA values pre-
sented by the urban MS can be further interconnected with the
UHI crescendo as specified byHolmer and Eliasson (1999). In
terms of human health risk factors, in addition to the physio-
logical strain of Ta upon the biometeorological system, such
atmospheric conditions further augment the expected suscep-
tibility to heat and/or sunstroke occurrences.

By processing Oct values with the aforementioned vari-
ables within the RayMan model, it was feasible to calculate
average seasonal Tmrt outcomes as presented in Table 4 (E).
Similar to Ta, V1.1, and VP, it was also possible to ascertain
clear distinctions between the two MSs, where the urban MS
presented generally greater Tmrt values. Additionally, and

alike Ta and V1.1, 15:00 was the hour with the highest Tmrt

measurements. As expected, the circadian fluctuations in solar
radiation resulted in significant variations between the noctur-
nal and diurnal measurements (e.g., between 03:00 and
15:00). Such a result is directly attributable to the increased
exposure to radiant (both short-wave and long-wave) heat
exchange between the human biometeorological system with
that of the surrounding environment.

Just as importantly, and heightening the crucial aspect of
the ‘human-centred approach’ applied in the study, the clear
resulting discrepancy between Ta and Tmrt values highlighted
the importance of radiation when approaching thermal com-
fort thresholds. Although not an index, the inclusion of such a
non-temperature variable enabled the comprehension of how
radiation flux played a paramount role in approaching both
HS and CS. In the case of DJF, it is possible to verify that Tmrt

went well below those of Ta in the case of Min: values.
Nevertheless, during the day, even with the winter sun
(consisting of far lower incident solar radiation levels), both

Mean: and Max: Tmrt values were considerably higher as a
result the exposure to diurnal radiant heat. Opposingly, during
the summer season, and during the same diurnal hours, both

Mean: and Max: Tmrt values revealed vast variations from the
Ta measurements. This being said, during the nocturnal sum-
mer period, Ta always surpassed Tmrt as a result of the afore-
mentioned lack of radiant heat exchange with the human
body.

3.2 EBMs

3.2.1 CTIS analysis

Returning to the 3-h measurement interval for the EBM re-
sults, Fig. 2 demonstrated the daily bioclimatic variation of PS
between for both the PET andmPET indices for the peri-urban
MS over the past decade. From the end of April onwards until
the end of October, the diurnal hours revealed PS levels fluc-
tuating between NS and HS2. Nevertheless, unlike mPET,
PET reached the HS3 as a result of values surpassing the
41 °C threshold during late July and early August.
Moreover, the PET index presented a higher frequency of
HS2 for the same period, thus suggesting generally higher
susceptibility levels to HS during the summer period.

Amid all of the hours, and as linked to the greater exposure
to radiant heat exchange, 12:00 and 15:00 were the hours with
the highest levels of HS all year round. Naturally, as the days
became longer, the hours of 09:00 and 18:00 followed a sim-
ilar PS distribution between late spring and early autumn.
Nevertheless, the 18:00 measurements only indicated NS pre-
dominantly between the summer months, with a minor exten-
sion to the 21:00 measurements, likely due to enduring high
Ta values after sunset. It was also noted that even during the
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peak of the summer, other nocturnal measurement hours al-
ways revealed some level of CS, particularly at 03:00 that still
remained between CS2 and CS3.

During the DJF period, PET levels revealed significantly
different PS conditions. As exemplified in January, it was
possible to identify that over the past 10 years, even during
the day, PS levels would remain between CS3 and CS5.
Moreover, January also revealed the occurrence of extreme
cold events between the hours of 03:00 and 06:00 where PS
reached CS7. As the CTIS image is based upon the averages
of each yearly dataset between 2010 and 2019, the manifesta-
tion of such extreme cold thermophysiological conditions in
Fig. 2 a indicated that specific individual years would expose
significantly longer durations/intensities of CS7.

Opposingly, mPET results revealed two principal differ-
ences from the PET index, namely the more attenuated levels
of (i) HS during the summer, which did not exceed HS2; and
(2) CS during the winter which very rarely went below CS5.
Such results highlight the tendency of the updated EBM index
to present lower PS estimations during periods of more ele-
vated human thermophysiological stress. This acknowledged
comportment can likewise explain the higher frequency of
both CS1 and HS1 in Fig. 2 b.

In comparison to the peri-urban MS, Fig. 3 revealed that
the urban MS station generally presented higher extents of HS

during all seasons. As presented in Fig. 3 a, the average oc-
currence of HS3 increased in frequency between the months
of July and August, hence suggesting the vulnerability to the
occurrence of extreme heat events such as heat waves.
Moreover, and unlike in the previous peri-urban station, the
diurnal periodicity of average HS3 in the city centre was gen-
erally longer as the 12:00 also revealed such PS levels.
Moreover, the frequency of days vulnerable to HS3 also ver-
ified to be an issue of concern as it remained nearly constant
between mid-July and mid-August. Similar to the aforemen-
tioned CS extremes during the winter period in Fig. 2 a, indi-
vidual year datasets were certainly going to reveal higher ex-
posure levels to HS.

In addition to the increased vulnerability to HS3 during
July and August, it was also noted that the average frequency
of HS2 remained practically constant at 12:00 and 15:00 from
mid-June until the end of September. Considering that such a
PS level is concomitant to a PET of 35 °C, this correlates to a
considerably prolonged period with elevated vulnerability to
HS during the early afternoon. The nocturnal hours (with the
exception for 03:00) also revealed periods of NS during the
peak of the summer period.

Between the summer and winter period, it was possible to
identify a slightly more gradual transition in PS levels. Unlike
with the peri-urban MS, CS1 and CS2 were observed more

Fig. 2 CTIS diagram of average daily PS grades for PET and mPET between 00:00 and 21:00 with a 3-h interval relative to the peri-urban MS for the
past decade in Ankara. a Peri-urban MS_PET. b Peri-urban MS_mPET
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frequently during the winter, especially during the middle of
the day. In addition, while periods of CS6 were observed for
the urban MS, their frequency was lower, hence the CTIS
revealing a slightly lighter blue hue, without any CS7
aggravations.

Once again, and as illustrated in Fig. 3 b, it was possible to
verify that mPET further attenuated both CS and HS for the
winter and summer periods, respectively. Comparatively,
mPET presented somewhat similar results to those obtained
for the peri-urbanMSwith the following divergences: (i) short
period between July and August where PS levels indicated
slight vulnerability to HS3 during the early afternoon; (ii) a
considerably longer and more consistent exposure to HS2
between June and September—thus in part resembling the
aforementioned prolonged exposure that was also identified
for PET. Finally, and out of the four CTIS diagrams, mPET in
the urban MS presented the most attenuated PS levels during
the winter period, with fewer descents from CS5.

Generally, the obtained UTCI measurements presented dif-
ferent results from the both PET and mPET in terms of annual
PS distribution (Fig. 4 a, b). Beyond the divergences between
their algorithmic calculation procedures, the differences in PS
thresholds for UTCI induced considerable differences in the
acknowledged vulnerabilities both to HS and CS. Due to the
larger breadth between NS and CS1 (with a span of 15 °C), a

much larger portion of PS vulnerability sat between these
classifications. In addition, higher PS levels for both CS and
HSwere also less frequent at both stations. It was nevertheless
noted that while HS limits were based upon a common value
of > 46 °C (even if attributed to a different HS class), lowest
CS boundaries were based upon much lower value of < −
41 °C (instead of < − 20 °C for the MEMI-based indices).

This being said, it was noted that the peri-urban MS did
present slightly higher CS during the winter months, and the
urban MS revealed higher HS between July and August. In
reflection with the two previous EBM index results, UTCI
revealed that (i) the urban MS continued to reveal higher HS
during both the winter and summer seasons, and (ii) although
such comparisons are relative, and must be approached with
caution, UTCI tended to present more comparable results to
PET, particularly during the summer months. Finally, and in
comparison to both the PET and mPET outcomes, the CTIS
analysis of UTCI proved to be more complicated, which in
turn rendered the diagrams to appear more ‘choppy’. Such a
complication originated when the introduced singular V1.1

values were ≤ 0.3 m/s, as this impeded the RayMan model
to calculate UTCI during such environmental conditions.

Resultantly, when V1.1 were close to Min: values, it was not
possible to obtain UTCI results, hence leading to (i) incom-
plete yearly averages in the CTIS analysis, and (ii) the

Fig. 3 CTIS diagram of average daily PS grades for PET and mPET between 00:00 and 21:00 with a 3-h interval relative to the urban MS for the past
decade in Ankara. a Urban MS_PET. b Urban MS_mPET

544 A. Santos Nouri et al.



impossibility to approach specific (and not average) time
frames due to the elevated frequency of hourly measurements
where V1.1 values were ≤ 0.3 m/s.

Within the previous CTIS diagrams, it was possible to
ascertain the resulting average PS vulnerability with an in-
terval period of 3 h during the last decade for each of the
applied EBM indices. Nevertheless, as identified in the pre-
vious diagrams, this had the downside of obscuring extreme
HS and CS levels during the individual years. Accordingly,
and utilising the PET index, a daily CTIS analysis conduct-
ed at 15:00 for each of the year between 2010 and 2019 was
undertaken. As demonstrated in Fig. 5, such a diagram en-
abled a better understanding of resulting PS vulnerability
for each of the analysed years. Immediately, it was possible
to confirm the greater HS vulnerability during the summer
period with PS levels increasing all the way up to HS4 and
HS5 for considerable temporal periods as exemplified in
2 0 1 0 , 2 0 1 2 , a n d 2 0 1 7 b y t h e u r b a n MS . I n
thermophysiological terms, such extreme heat events are
crucial in the identification to biometeorological vulnerabil-
ity, including heat-related mortality and morbidity in the
city centre of Ankara. In accumulation, it is imperative to
value the mixture between the occurrences of very hot days
amid the ongoing heatwaves, which further exacerbate the
already high ongoing circadian cumulative thermal stress

levels, thus raising such urban health and safety concerns
even further.

In comparison, although the peri-urban MS still present-
ed high HS conditions as exemplified by the 2010 and 2012
datasets, PS levels were generally more attenuated during
the summer period (including with a higher frequency of NS
grades). Such conditions sharply contrasted the almost con-
tinuous vulnerability to at least HS1 and HS2 registered by
the urban MS. Nevertheless, although at 15:00, traces of
extreme CS were acknowledged during the winter (as
shown mid-January in 2012, early January in 2017, and late
December in 2013). These results indicated that even during
the hottest measurement hour, it was still possible to iden-
tify extreme CS levels, hence serving as a tell-tale sign for
the greater vulnerability during the nocturnal period for
such years in Ankara.

In collaboration with the recognized HS implications
upon human biometeorological factors, vigilance must al-
so be considered for the identified thermophysiological
risk factors during these periods with extreme CS levels.
These periods also present considerable adverse CS im-
pacts upon human wellbeing and safety during the winter,
especially as such risk factors are moreover not only lim-
ited to the nocturnal period. Albeit, and to further analyse
such extreme PS risk factors, the CTIS analysis results for

Fig. 4 CTIS diagram of average daily PS grades for UCTI between 00:00 and 21:00 with a 3-h interval relative to peri-urban and urbanMSs for the past
decade in Ankara. a Peri-urban MS_UTCI. b Urban MS_UTCI

545Approaching environmental human thermophysiological thresholds for the case of Ankara, Turkey



the individual 2010 and 2012 datasets were presented in
Fig. 6.

As confirmed in Fig. 6a, the CTIS results revealed consid-
erable nocturnal exposure to elevated CS levels frequently
below < − 20 °C during the winter period in 2012 for the
peri-urban MS. More specifically, in the first week of
February, the measurement hours of 03:00 and 06:00 revealed
PET values of − 29.3 °C and − 30.0 °C, respectively. For the
same period, diurnal measurements at 12:00 and 15:00 con-
tinued to reveal a PS vulnerability of CS6, thus inferring the
unremitting susceptibility to such risk factors for both January
and February. Interestingly, although the 2012 dataset re-
vealed the coldest winter conditions (Fig. 5), events of ex-
treme HS were still acknowledged during the summer, even
in the cooler peri-urban region of Ankara.

Adjacently, representing one of the hottest yearly datasets,
2010 demonstrated both the vulnerability to extreme heatwaves
during July and August which sometimes consecutively
remained between HS3 and HS5 for longer than a week with
maximum PET values reaching 48 °C (Fig. 6b). Irrespective to
this hotter dataset, it was nevertheless still possible to
additionally identify periods of extreme CS during the winter
at the end of January, again inferring the considerable
variability of annual PS levels in city centre as well.

3.2.2 Frequency distribution analysis

The FDDs depicted the resulting probability to PS grades for
the nocturnal and diurnal period. Moreover, it was possible to
equate the variances both between the MSs and the two EBM
indices.

The first FDD results demonstrated the probability of PS at
03:00 which denoted the coldest measurement hour. The syn-
optically expanded thermophysiological levels as discussed in
Table 2 enabled PS variations to be further classified PET/
mPET values below 4 °C. Given the obtained results, partic-
ularly in the case of the PET, the original lower CS limit
(equating to the CS3) would not have been able to effectively
plot the more extreme climatic conditions acknowledged for
the months between November and April. In the particular
case of the peri-urban MS, and remembering that the FDDs
were based upon yearly dataset averages, for the first 10 days
in February, it was possible to identify a (i) CS7 probability of
5%, (ii) CS6 probability of 33%, (iii) CS5 probability of 59%,
and (iv) CS4 probability of 3%. In comparison, mPET results
revealed lower probability of extreme CS, and the overall
likelihood of CS3 was much higher.

When considering the results presented in Fig. 7 b, d, the
increased vulnerability to hotter environmental conditions for

Fig. 5 CTIS diagram of daily PS grades for PET at 15:00 for each year in the peri-urban/urban MSs. a Peri-urban MS_PET. b Urban MS_PET
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the urban MS was as again confirmed as a result of the lower
probability of CS, and higher likelihood of NS, which during
early August surpassed 20% in the case of mPET. In addition,
the probability of CS1 was much higher for both PET and
mPET.

In the case of hottest measurement hour, 15:00 naturally
rendered very different PS frequency percentages within Fig.
8. Nevertheless, the recurring patterns between the PET and
mPET indices and amongst the urban and peri-urban MSs
continued. In both the MSs, the mPET revealed very low
probability of HS4 during the summer months and most often
remained at HS3. Notwithstanding, in the case of the peri-
urban MS, even HS3 frequency was considerably lower,
reaching 32% in early August, as opposed to 49% in the case
of the urban MS (Fig. 8c, d).

In the case of PET, PS levels reached HS5 in the city
centre with a probability of 3/4% in early July and
August. Although a more negligible likelihood, it was
important to remember once again that the FDDs were
based upon the average EBM values of all yearly
datasets, hence indicating higher probabilities within the
individual years. Irrespectively, and even through the av-
erage frequency analysis over the past decade, Fig. 8b
revealed considerable risks for human health within
Ankara’s city centre, which as exemplified for early

August witnessed a (i) HS5 probability of 4%, (ii) HS4
probability of 24%, (iii) HS3 probability of 43%, and (iv)
HS2 probability of 28%.

3.2.3 Decadal average maximum and minimum values

The EBM analysis also permitted to verify if there were any
general trends between the yearly datasets and moreover the

respective m/PET averages of Min: and Max: values for the
two MSs. The results demonstrated in Fig. 9 revealed that
while there were no overall incremental/decremental trends
in the past decade, it was possible to recognise the high
variability of both EBM indices between 2011 and 2019.
As an example, the 2012 dataset in particular demonstrated

the greatest variability between the annual PETMin: of −
27.2 °C and PETMax: of 48.1 °C, which in numerical terms,
corresponds to a variation of 75 °C between the summer and
the winter months. The 2010 dataset presented the second

highest PETMax: of 48.1 °C. Although based on average
values from both MSs, the influences of such extreme con-
ditions during 2010 and 2012 can be directly correlated with
the results presented in Figs. 5 and 6. In the case of mPET,
the index also followed such trends, yet did not reach such
extreme thermophysiological values.

Fig. 6 CTIS diagram of daily PS grades for PET at a 3-h interval for individual years of a 2012 for the Peri-urban MS and b 2010 for the Urban MS
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4 Discussion

4.1 Behavioural differences between the EBMs

The results of the study identified clear behavioural differ-
ences between the three processed EBM indices. Moreover,
and comparing such results to the existing literature, the re-
sults obtained for the case of Ankara highlighted the (i)

tendency for PET to fluctuate further from NS levels in com-
parison to mPET due to the expansion of the integrated ther-
moregulation and clothing models, particularly under extreme
environmental conditions (in similarity with, e.g., Chen and
Matzarakis 2017; Lin et al. 2018; Nouri et al. 2017); (ii) im-
portance to consider adaptations of the original PS thresholds
associated to the MEMI indices (in similarity with, e.g., Chen
et al. 2020; Hwang and Lin 2007; Matzarakis 2014a; Potchter

Fig. 7 Frequency distribution diagram of PS grades for PET and mPET at 03:00 peri-urban MS and urban MS. a Peri-urban MS_PET. b Urban MS_
PET. c Peri-urban MS_mPET. d Urban MS_mPET
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et al. 2018), which in turn, calls for further study to better
delineate the relationship of such expanded HS and CS levels
upon the human biometeorological system (in accordance
with, e.g., Nouri et al. 2018a; Nouri et al. 2018c); (iii) oppor-
tunity for further study regarding the more recent mPET index
in light of its adaptations from the original MEMI (Staiger
et al. 2019), including also its relationship with the utilised
PS grade system as originally defined by Matzarakis et al.

(1999); (iv) problematical relationship between the two
MEMI indices with the Fiala model-based UTCI due their
different algorithmic calculation methods, and differing asso-
ciation with designated PS levels.

Discussing such results between the MEMI indices in a
little more detail, during the winter period, nocturnal PET
always revealed higher probabilities of CS in comparison to
mPET. As exemplified for the peri-urban MS, while winter

Fig. 8 Frequency distribution diagram of PS grades for PET and mPET at 15:00 for the peri-urban MS and urban MS. a Peri-urban MS_PET. b Urban
MS_PET. c Peri-urban MS_mPET. d Urban MS_mPET
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months revealed higher PET PS probabilities of CS7 (relaying
to temperatures < − 20 °C), CS6, and CS5 (with a cumulative
probability almost 100% as exemplified in early February);
mPET on the other hand, presented generally more attenuated
stress levels, with a greater likelihood of CS5 and CS4 (with a
cumulative probability of almost 80% for the same period).
Illustrated by the urban MS, similar patterns were also identi-
fied for the nocturnal hours during the summer period, where
mPET were more conducive of PS grades closer to NS levels,
particularly in the case of NS, CS1, and CS2. During the
summer period, and at the urbanMS, diurnal mPET continued
to show lower probabilities of higher PS levels, revealing a
limited likelihood of HS4, reaching a maximum of 4%, and a
subsequent HS3 probability of 48%. These results were sharp-
ly divergent from PET results, with a maximumHS5 (relaying
to temperatures above > 46 °C) probability of 4%, and a fol-
lowing HS4 probability of 26%.

With regard to the UTCI index, its calculation was more
complex in that it was also hindered as a result of the frequent
environmental circumstances that witnessed local low V1.1

speeds, hence limiting its estimation in short temporal periods
that were not composed of average values. Even in such av-
erage assessments, the disclosed hindrances were clear as a
result of the more ‘choppy’ outputs as delineated by the

undertaken CTIS analysis. In addition, the more ‘versatile’
adaptive clothing model as presented by Havenith et al.
(2012) must be approached with caution due to the model
being predominantly based upon European dressing behav-
iour/standards. As stated in the results section, although the
comparison of UTCI with mPET and PET is innately equiv-
ocal, some similarities between the two MEMI indices were
identified, particularly with PET during hotter PS conditions.
In addition, and concomitant with PET and mPET, the UTCI
index also confirmed the same general environmental differ-
ences for Ankara’s urban and peri-urban regions.

4.2 Variation of thermophysiological conditions
between stations

Building upon the line of reasoning as aforementioned in the
previous section, the study was able to identify very clear
thermophysiological conditions over the past decade between
the peri-urban and urban MSs. Located ~ 20 km away from
one another, it was possible to acknowledge the clear influ-
ences as a result of their different contexts. These outcomes
confirmed (with regard to PET in particular) the previous re-
sults as identified by Türkoğlu et al. (2012) and Çalışkan and
Türkoğlu (2014) for the case of Ankara.

Fig. 9 Average yearly variability
of Min. and Max. values of PET
and mPET for peri-urban/urban
MSs
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As also initially indicated on behalf of the singular vari-
ables, it was possible to identify numerous clear differences
amid the MSs, including higher V1.1 values in the peri-urban
MS, and Ta/Tmrt in the urban MS. In the case of V1.1, the
season with the greatest variations was during the spring, with

Mean: and Max: values remaining constantly higher in the
peri-urban MS, with differences reaching 1.1 K and 4.0 K,
respectively.

Overall, while the peri-urbanMS revealed an annualMean:
Ta of 11.2 °C, such a value increase to 13.3 °C in the case of

the urban MS. In terms of highest Max: and Min: vacillations,

it was possible to ascertain a (i) Ta variation of 4.2 K in Max:
values during the summer, with the hotter temperatures being
recorded at the urban MS at 21:00; and (ii) Ta variation of

7.5 K in Min: values during the winter, with the colder tem-
peratures being retrieved from the peri-urban MS at 03:00.
With regard to Tmrt, it was possible to identify that while the
urban MS largely revealed the highest values, such disparities

were particularly manifested in the Min: seasonal values, as
exemplified by a difference of 13.3 K and 18.9 K during the
summer and winter seasons, respectively.

Given the considerably higher thermophysiological condi-
tions at the urbanMS, such results had direct impacts upon the
wholesome EBM indices, and were clear indications of the
bearings of UHI intensities and effects within consolidated
city centres; such influences moreover link with the outcomes
(and potential mitigation strategies) as identified in analogous
international studies (e.g., Alcoforado and Andrade 2006;
Alcoforado et al. 2014; Cheval and Dumitrescu 2008;
Dimoudi et al. 2014; Lopes et al. 2013; Matzarakis et al.
2016; Santamouris 2013; Wang et al. 2016). In the case of
Ankara, further study is hence required to (i) further compre-
hend the specific particularities of UHI intensities and vulner-
abilities within the city centre, and just as importantly, (ii) to
consider local urban design/planning approaches to further
improve the urban centre response to such adverse environ-
mental effects.

4.3 Overall PS conditions over the last decade

When considering the overall thermophysiological conditions
for Ankara during the last decade, it was possible to identify a
wide range of PS levels as a result of the significant variations
in the processed EBM indices. Consequently, the results pre-
sented by the two MSs revealed different types of human
biometeorological risk factors during the winter and summer
months. Such acknowledged thermal comfort hazards are re-
sultant of three interconnected environmental factors associ-
ated to the ‘human-centred approach’, these being the (i) ex-
treme hourly and/or daily EBM index values that rendered
high HS or CS levels during the different seasons; (ii) lower
HS and CS levels, which while not always concomitant with

extreme PS classifications, still presented serious implications
upon cumulative human thermal stress as a result of their
continuous circadian frequency; and lastly, (iii) the combina-
tion of both extended periods of PS and the additional occur-
rence of extreme climatic events which further exacerbated
each of the respective human thermal risk factors.

5 Concluding remarks

Within the existing literature, approaches towards human
thermophysiological conditions and their associated biomete-
orological risk factors are continuing to mature in the scope of
urban environmental studies. Concomitant to such a continual
scientific development is the consolidating ‘human-centred
approach’ that is focused upon understanding the direct effects
of microclimatic stimulus upon the human body, and how
these dynamics can be locally identified.Within this particular
study, both the peri-urban and urban MSs revealed different
environmental conditions both in terms of singular variables
and EBM indices.

In the case of Ta, the higher temperatures found in Ankara’s
city centre which varied up to 4.2 K during the summer sea-
son, and 7.5 K for the winter, revealed considerable local
disparities. Nevertheless, in biometeorological terms, to ob-
tain a wholesome understanding of such environmental stim-
ulus on the human body, it was also necessary to cumulatively
consider the additional implications, namely the (i) lower ur-
ban wind velocities that would otherwise serve to cool the
public realm through net heat advection; (ii) the often margin-
ally higher general VP values in the urban centre during the
summer which increased the risk of dehydration due to higher
saturation deficits; (iii) predominantly higher Tmrt values
resulting from the urban MS which a maximum difference
of 13.3 K recorded at 15:00 during the summer months, thus
indicating the higher radiant heat exchange rates with the hu-
man body, further exacerbating the thermal stimulus upon the
biometeorological system.

The calculated EBM indices were able to present a whole-
some evaluation of all of the aforementioned environmental
impacts upon the human body. In the case of UTCI, while it
was able to reveal some similarities to the MEMI indices, its
outcomes were more partial in light of its (i) hindrances asso-
ciated to lower V1.1 conditions, and (ii) enclosed clothing
model that is based upon European clothing patterns.
Nevertheless, all EBMs were able to recognise that the city
centre presented hotter environmental conditions in compari-
son to those registered by the peri-urban station. Although
resulting in more attenuated levels of CS during the winter,
summer HS was frequently exacerbated, both in terms of
recognised extreme values, and also, in the temporal continu-
ity of such augmented PS levels.
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In addition, and concomitant to the previous result, all of
the EBM indices revealed clear PS oscillations between the
nocturnal measurements. The acknowledged variations were
further highlighted with 03:00 revealing to be the coldest mea-
surement hour, and 15:00 frequently being the hottest during
the year. Between these two bounds, PS levels also oscillated
accordingly in light of the yearly sunset/sunrise times. As to
be expected, and in light of the lack of radiant heat exchange,
the nocturnal periods resulted in much cooler conditions even
when PS reached HS4 or HS5 during mid-day. Naturally, the
reverse effect during the winter was also valid, in that diurnal
PS levels were slightly more attenuated, particularly in the
case of mPET. In juxtaposition, and particularly during pe-
riods of augmented thermophysiological stimulus, mPET re-
currently presented more attenuated PS levels in comparison
to PET extremes which were able to vary by 75 °C in the same
dataset. Given such fluctuating environmental human
thermophysiological conditions for Ankara, it was not suitable
to associate PS risk factors only to events such as urban ex-
treme heatwaves or very hot days during the summer months.

Under a more general perspective, the thermal indices
scrutinised in this article demonstrated how the case study of
Ankara highlighted not only the importance of the ‘human-
centred approach’, but in addition, the relevance of the EBM
indices as well. Although parting from different calculation
methods (i.e., the Fiala and MEMI methodologies), the three
different EBM indices revealed how the context of Ankara
further extrapolated individual performances under different
climatic settings, and also, how they are presented as whole-
some information based upon singular climatic variables.

Respectively, the context and climatic typology of Ankara is
an important case study due to its vast amplitudes in
thermophysiological variations and frequencies amongst all
EBMs. Moreover, and within this line of reasoning, serves to
further knowhow upon similar settings, namely general climatic
conditions (e.g., those associated to KG ‘BSk’ or ‘Dsb/a’ classi-
fications), geographical location, and local/encircling topograph-
ical configurations). As identified, the differences between
UTCI, mPET, and PET should not be compared in light of their
presented PS levels, but rather, how they produced different bio-
meteorological results, information on thermal comfort thresh-
olds, and just as significantly, their limitations (more correctly
labelled as opportunity for further development). In addition, the
vast differences in thermophysiological thresholds provided a
fertile demesne in which to test their performance in both cold
and hot extremes identified in Ankara’s encompassing climatic
conditions—both in its urban and peri-urban settings. Such ex-
tensive variations also enabled the study to build upon uprising
and initial approaches in extend existing PS grades in the case of
PET and mPET. Such an approach particularly enabled a better
identification of maximum CS extensions during the winter, as
exemplified by the 2012 dataset. Naturally, and as mentioned,
such extended grades should be seen simultaneously with the

opportunity to undertake further study, particularly with regard
to their labelling given their direct biometeorological implica-
tions upon the human body.

Within the study, and going beyond the decadal environ-
mental condition analysis, the benefits and limitations be-
tween each of the EBM indices could be looked into detail,
during all seasons, and both diurnal/nocturnal periods. The
fluctuation tendencies in extreme conditions between PET
and mPET from NS levels were clear due to the expansion
of the integrated thermoregulation and clothingmodels. While
this suggested the potential limitation of PET in this sense, it
adjacently raised the need for further study for the more recent
mPET index that deviates from the original MEMI approach.
In the case of UTCI, while it also performed effectively in
donating the inferences of wholesome evaluations of singular
variables upon the human body, its issue with lower wind
speeds hindered its calculation in short temporal periods that
were not composed of average values. Even with such aver-
ages, the results were not as complete within the undertaken
CTIS analysis in this study. Resultantly, further study is re-
quired with regard to this EBM index in terms, including also
the adaptive clothing model, which while adaptive, remains
based upon the European clothing standards and behaviour.

Categorically, none of the aforementioned requirements for
further study should be considered to negate, by any means, the
existing capacity of any of the EBMs for application and
utilisation for these types of biometeorological approaches. On
the contrary, based upon the results presented in this paper, it is
suggested that each provide clear benefits for thermal comfort
evaluations, including for non-climatic experts such as architects
and urban planners/designers to acknowledge and explore con-
crete means to tackle such human thermophysiological thresh-
olds within urban contexts through a wholesome
thermophysiological ‘human-centred approach’. Furthermore, it
is also suggested that this issue shall become continually more
crucial and sought after in an era that is already witnessing the
predicted aggravation effects associated to climate change.
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