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A B S T R A C T   

This study discusses the preliminary assessment of Indoor Cooling Degree Necessity (ICDN) based upon the 
standard air temperature (Ta) value of 22 ◦C which is defined to be the standard upper mean temperature limit 
(Tl) for interior comfort as defined by the WHO. By considering indoor air temperature (TaI), levelled oscillations 
above Tl are utilised to determine indoor temperature extremes/frequencies at a 10 min temporal resolution 
during the months of July and August 2020 in Ankara. These recordings were undertaken through the use of an 
interior in-situ Meteorological Station (MS), simultaneously, an outdoor in-situ MS was also mounted outside the 
naturally ventilated dwelling with the identical measurement interval period. Moreover, to supplement the 
encompassing outdoor data collection, two WMO MSs were utilised in the study to account for both encom-
passing local peri-urban Esenboga (EMS) and Ankara’s urban (AMS) outdoor air temperatures (TaO) at a 1 h 
temporal resolution. 

In addition to the ICDN’s identified variation of Tl levels, which frequently remained between +7 ◦C and 
+10 ◦C during periods of accentuated urban outdoor heat stress; their direct/latent cause-and-effect relationship 
with newly defined local extreme heat thresholds were established. Relative to July and August 2020, a total of 
19 Very Hot Days (VHD33), 10 Monthly Tropical Night (MRT20), and 4 Heatwave Events (HWE31) were deter-
mined. These thresholds further underlined the growing need to associate indoor and outdoor heat stress during 
local extreme heat events, particularly in more vulnerable residential contexts; and moreover, in an era of 
increasing heat stress as result of rapid urbanisation and climate change.   

1. Introduction 

Within urban environments, most of the studies that have investi-
gated the exposure of human beings to encircling microclimatic stimuli 
have been divided into two general contexts, indoor and outdoor set-
tings. Nevertheless, given the peripatetic behaviour patterns of humans, 
and their cause-and-effect relationship, both contexts are invariably 
interconnected in two ways: (1) the diurnal cumulative interchangeable 
dynamics that the human biometeorological system is exposed to when 
transitioning between these two contexts (Matzarakis 2020); and, (2) 

the cause-and-effect relationship between outdoor and indoor climatic 
conditions, including during Extreme Heat Events (EHE) (Gustin et al. 
(2018), Kownacki et al. (2019)). 

By definition, the first relationship requires thermal comfort to be 
approached in a different manner then studies which isolate their 
assessment to a specific context, be it indoors or outdoors. Such an as-
sociation would invariably shed more light upon other adjacent factors, 
including the significance of the Circadian Rhythm Cycle (CRC), which 
also extends to the dynamics of human thermoregulation and psycho-
logical decision making. During periods of heat stress, if human cumu-
lative thermal loads do not fluctuate adequately to allow the human- 
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biometeorological system to regulate, replenish and restore attributes of 
human physiology (including during different sleep stages (Parmeggiani 
1987, Gisolfi and Mora 2000, Parmeggiani 2003, Okamoto-Mizuno and 
Mizuno 2012)), then this will present direct implications upon human 
psychology. Presently, psychological thermal comfort is defined as 
thermal satisfaction based on subjective evaluation (ASHRAE 2017), yet 
such satisfaction levels are hard to approach due to their idiosyncratic 
character and wide psycho-social variations (Höppe 2002, Liu et al. 
(2020)). While some studies have approached the associate this 
subjectivity with practical decision making (e.g., Nikolopoulou et al. 
(2001), Thorsson, Lindqvist et al. 2004, Katzschner 2006, Lin 2009, 
Nouri and Costa 2017), the number of studies which consider such 
subjectivity dynamics between Indoor Thermal Comfort (ITC) and 
Outdoor Thermal Comfort (OTC) are even more restricted (e.g., Nicol 
and Humphreys 1973, Alvarez et al. (1991), Brager and R. de-Dear, 
(1998), Nguyen et al. (2014), Constantinescu et al. (2016), Nouri and 
Matzarakis 2019). 

The second crucial relationship between indoor and outdoor condi-
tions can be directly correlated to the early principals of the Urban 
Energy Balance (UEB) as presented by Oke (1988). More specifically, 
existing studies have already identified the growing need to consider: (i) 
the existing/projected intensity, frequency, and consecutiveness of 
annual hot periods and EHE can impact the net of all-wave radiation 
(Matzarakis and Amelung 2008); (ii) the rapidly increasing requirement 
for urban cooling loads in residential buildings that induce amplifying 
bearings upon the anthropogenic heat flux (e.g., Dahl 2013, Santa-
mouris 2016, Lundgren-Kownacki et al. (2017)); (iii) the heat storage 
from solar radiation being absorbed by an exterior building wall and/or 
roof, which in turn, travels indoors (e.g., Gaitani et al. (2011), Gupta and 
Tiwari 2016); and, (iv) the potential gains from natural ventilation 

which can aid heat advection dynamics to reduce heat storage without 
the aforementioned heat flux associated to indoor air conditioning 
patterns (e.g., Santamouris, Sfakianaki et al. 2010, Rosenfelder, Koppe 
et al. 2016, Ferdyn-Grygierek et al. (2019)). 

These two aforementioned relationships acknowledge the aug-
menting need to consider stronger associations between indoor air 
temperature (TaI) and outdoor air temperature (TaO), in an era of 
climate change where heat related morbidity and mortality rates 
continue to rise (Basu and Samet 2002, White-Newsome et al., 2012). 
Within this particular study, such crucial interactions are explored for 
the case of Ankara, which irrespective of events such as the accentuated 
summer of 2007 as investigated by Demirtaş (2018), still does not have a 
yet a well-defined specified monitoring system, nor a clear set of local 
EHE definitions. 

Prior to 2007, (i.e., from 1965 to 2006), based upon the western 
region of the Turkey, Unal, Tan et al. (2013) identified growing trends 
for the number of EHE events, particularly towards the southern lati-
tudes. Analogously, in the recent study by Can, Şahin et al. (Can et al. 
(2019)) who related EHE upon excess mortality rates for the case of 
Istanbul, it was identified that: (i) studies focusing on heat-stress related 
morbidity and mortality as a result of EHEs remain very limited; (ii) 
Turkey does not have a set of definitions to identify local EHE for the 
different regions of the country; (iii) local definitions are moreover 
required to establish local warning systems against such heat stress 
vulnerability, particularly for the more susceptible members of the 
public. Furthermore, and as acknowledged in the top-down assessment 
undertaken by Ozturk, Ceber et al. (2015), climate change impacts 
imply the amplification of such vulnerability (both in frequency and 
intensity) in Turkey, especially during summer season. For these rea-
sons, and given Turkey’s considerable climatic variability due to its 

Nomenclature 

Article Abbreviations 
HWE31 Heat Wave Event (#) 
MTR20 Monthly Tropical Night (#) 
Oct Cloud Cover (1/8) 
PET Physiologically Equivalent Temperature(◦C) 
PMV Predicted Mean Vote(-) 
PPD Predicted Percent Dissatisfied (-) 
RHIn Indoor Relative Humidity (%) 
RHOut Outdoor Relative humidity (%) 
SU25 Annual Summer Day(#) 
Ta Air Temperature(◦C) 
STaBal Shell Temperature Balance(◦C) 
TaI Indoor Air Temperature(◦C) 
TaO Outdoor Air Temperature(◦C) 
TgI Indoor Globe Temperature(◦C) 
TgO Outdoor Globe Temperature (◦C) 
Tl Upper Mean Temperature Limit (◦C) 
MRTI Indoor Mean Radiant Temperature (◦C) 
MRTO Outdoor Mean Radiant Temperature (◦C) 
TN10p Cool Nights (%) 
TN90p Warm Nights (%) 
TNM Mean TaMin (◦C) 
TNx Max TaMin (◦C) 
TR20 Annual Tropical Nights (#) 
TX10p Cool Days (%) 
TX90p Warm Days(%) 
TXM Mean TaMax(◦C) 
TXN Min TaMax (◦C) 
TXX Max TaMax (◦C) 
V1.1I Indoor Air Speed at 1.1 m from ground (m/s) 

V1.1O Outdoor Wind Speed at 1.1 m from ground (m/s) 
VHD33 Very Hot Day (#) 
VPI Indoor Vapour Pressure (hPA) 
VPO Out Vapour Pressure (hPA) 
WSDI Warm Spell Duration Index (#) 

Article Acronyms 
AMS Ankara’s Meteorological Station 
ASHRAE American Society of Heating, Refrigerating and Air- 

Conditioning Engineers 
CCDI Climate Change Detection Indices 
CRC Circadian Rhythm Cycle 
CTIS Climate-Tourism/Transfer-Information-Scheme 
EBM Energy Balance Model 
EHE Extreme Heat Events 
EMS Esenboga Meteorological Station 
ET Expert Team 
HS Heat Stress 
ICDN Indoor Cooling Degree Necessity 
IPCC Intergovernmental Panel on Climate Change 
ITC Indoor Thermal Comfort 
MEMI Munich Energy-Balance Model for Individuals 
MS Meteorological Station # 
OTC Outdoor Thermal Comfort 
PS Physiological Stress 
SCAT Smart Control And Thermal 
TÜBİTAK Scientific and Technological Research Council of Turkey 
UEB Urban Energy Balance 
UHI Urban Heat Island 
WHO World Health Organisation 
WMO World Meteorological Organisation  
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geographical and topographical characteristics (Unal, Kindap et al. 
2003, Yılmaz and Çiçek 2018), it becomes paramount to subsequently 
consider EHE definitions for particular contexts such as Ankara. 

As a result of such a gap in the existing literature, local EHE defini-
tions were established for the city centre by utilising/adapting the World 
Meteorological Organisation (WMO) Expert Team’s (ET) Climate 
Change Detection Indices (CCDI) (Peterson et al. (2001)). Moreover, the 
impacts of such EHEs were quantified within a typical, yet vulnerable, 
residential construction typology in Ankara. 

Such a quantification was undertaken through a two part study 
launched the introduction of the original Indoor Cooling Degree Ne-
cessity (ICDN) metric. The division of the two part study was configured 
upon: (1) the constitution of an air temperature (Ta) based ICDN during 
Ankara’s hottest summer months through identified TaI oscillations 
upwards of 22 ◦C which is defined to be the standard upper mean 
temperature limit (Tl) for ITC as delineated by the WHO (1990); and, (2) 
the constitution of the Energy Balance Model (EBM) ICDN based on the 
Physiologically Equivalent Temperature (PET) (Mayer and Höppe 1987, 
Höppe 1999, Matzarakis et al. (1999)) to determine how the initial ICDN 
grades could be attenuated during the identified EHEs in Ankara. 

Diverse outdoor meteorological data sources/equipment were uti-
lised to record climatic data to assess the climatic conditions for the 
summer of 2020 at a 10-minute resolution with an installed outdoor in- 
situ Kestrel Heat-stress Station (KHSO). Such data was correlated with 
simultaneous measurements at a 1-hour resolution using the Meteoro-
logical Station (MS) data from Ankara’s Meteorological Station (AMS) 
(MS#17130) and from Ankara’s peri-urban Esenboga airport Meteoro-
logical Station (EMS) (MS#17128). The use of the two MSs allowed two 
factors to be accounted for: (1) the on-going measurement scrutiny/ 
verification with the erected in-situ station; and, (2) the comparison 
between peri-urban and urban measurements, easing the identification 
of diurnal and nocturnal Urban Heat Island (UHI) (i.e., △Ta (urban-
–rural)) intensities/oscillations. All recorded measurements were then 
correlated with those collected by the indoor in-situ station Kestrel Heat- 
stress Station (KHSI) at a 10-minute temporal resolution. 

Being the first of the two studies, the structure of the first paper 
encircles the constitution of the Ta based ICDN, the definition of the 
local EHEs through the utilisation/adaptation of CCDIs, and the 
description of the residential case study. Based on the results of the 
study, the paper associates the locally defined EHEs and their relation-
ship with the first ICDN to quantify such heat vulnerability within a 
residential setting that was characteristic of the previously typical 
reinforced concrete structure system without thermal insulation. 
Finally, based upon the outputs of the first study, the paper is concluded 
by highlighting methods for managing the increasing extreme heat 
vulnerability in the rapidly growing capital of Ankara. 

2. Materials & methods 

2.1. Meteorological parameters and ICDN constitution 

Until now, the limitations of utilising only TaOut measurements from 
MS data to measure the risk of heat-related morbidity and mortality has 
already been recognised since the start of the century (Basu and Samet 
2002). Consequently there has been a growing shift towards the growing 
importance in the utilisation of in-situ TaI measurements in approaching 
the exposure to thermophysiological heat risk factors in an era of climate 
change (Nazaroff 2008, Smargiassi, Fournier et al. 2008, White- 
Newsome et al., 2012, Matzarakis 2021). 

Thus far, the very definition of ITC has been a topic of extensive 
debate in thermal comfort studies (e.g., Fanger 1973, de-Dear, R. and G. 
Brager, (1998), Nicol and Humphreys 2010, Ferrari and Zanotto 2012, 
de-Dear, R., T. Akimoto et al., (2013), Rosenfelder, Koppe et al. 2016, 
Alfano et al., (2017)). Today, however the predominant focus of ITC 
studies have been upon non-residential settings, ranging from office, 
school, and testing chambers (Kim and R. de-Dear, (2017)). In addition, 

and likely due to their early implementation within numerous standards 
(including ISO (1984) and ASHRAE (1992)), a large proportion of these 
studies employed the Predicted Mean Vote (PMV) and Predicted Percent 
Dissatisfied (PPD) (Fanger 1973). However, such ‘traditional’ ap-
proaches were reconsidered as a result of studies, namely by de-Dear and 
Brager (1998), that highlighted the importance of adaptation responses 
in non-residential indoor contexts. Within their study, adaptive pro-
cesses were classified as being ‘physiological’ (i.e., inferring climatic 
adjustment), ‘behavioural’ (e.g., use of operable windows), and ‘psy-
chological’ (i.e., adjusting personal expectations towards indoor/out-
door climatic conditions). Such a study highlighted the importance of 
human qualitative factors pertaining to many different non-residential 
interior air-conditioned and naturally ventilated settings. Resultantly, 
and unlike the objective of this research, the results of the aforemen-
tioned study were concretely directed upon qualitative human adapta-
tion/preference processes to non-residential indoor climatic stimuli, 
rather than the identification of heat stress vulnerability in a residential 
setting. The resulting ‘adaptive model’ whose fundamentals were 
initially explored by Nicol and Humphreys (1973) represented a valu-
able methodology to approach qualitative aspects of indoor comfort, 
and were soon incorporated in the Standard 55 of ASHRAE (2004). Af-
terwards, and serving as an empirical basis in office buildings in four 
European countries, the Smart Control And Thermal comfort project 
(SCAT) (McCartney and Nicol 2002) gave way to the European adaptive 
comfort standard EN15251 (CEN 2007). 

Adjacently to the adaptive model, alternative ITC studies that spe-
cifically focus upon human biometeorological and physiological stress 
vulnerability remain another crucial viewpoint in tackling factors such 
as urban heat stress. Such a standpoint is moreover supported by the 
consensus that within still-air contexts with moderate humidity levels, 
the indoor thermal environment can be sufficiently investigated through 
TaI alone (Arens et al. (2010)). Nevertheless, while the first part of the 
study was dedicated to TaI, the second correspondingly considered in-
door and outdoor globe temperature (TgI/O) to account for radiation 
fluxes. 

As presented in Table 1, four different MS were utilised to conduct 
the study. Unlike with the other three stations, yearly datasets from 
2008 to 2020, with a resolution of 1 h, were retrieved from AMS to 
determine CCDIs for Ankara through the R-based package, RClimDex 
(Zhang and Yang 2004). To determine UHI intensities between peri- 
urban conditions and the city centre during the summer of 2020, data 
was collected from the EMS at a resolution of 1 h for the months of July 
and August. Adjacently, and correspondingly for July and August during 
the summer of 2020, in-situ outdoor and indoor measurements were 
taken with the use of two portable Kestrel Heat Stress trackers, recording 
data at a resolution of 10 min. In the second stage of the study, to 
determine and modify specific wholesome human Physiological Stress 
(PS) thresholds as determined by Matzarakis, Mayer et al. (1999), the 
PET was calculated via the biometeorological model, RayMan Pro 
(Matzarakis et al. (2007), Matzarakis et al. (2010), Matzarakis and 
Fröhlich 2018, Fröhlich et al. (2019), Matzarakis, Gangwisch et al. 
2021). Based upon the Munich Energy-balance Model for Individuals 
(MEMI) (Höppe 1984, Höppe 1993), in order to calculate the EBM index, 
wind/indoor-air-speed (V1.1O / V1.1I, respectively), outdoor/indoor 
Relative Humidity (RHO / RHI), outdoor/indoor Vapour Pressure (VPO / 
VPI) were collected from all stations. Moreover, outdoor/indoor Mean 
Radiant Temperature (MRTO / MRTI) was additionally calculated either 
through the diurnal cloud cover (Oct) retrieved from EMS and AMS, or 
through TgO/I retrieved from the in-situ KHSO/I. 

However, in the first part of the study, prior to the establishment of 
an EBM based ICDN, the first constitution of the ICDN to identify ther-
mal risk factors was based upon Ta. Given that the measurements of TaI 
and TgI had no discernable variation during the study period, the rele-
vance of this first ICDN built upon the rational that “building control is 
ultimately implemented in terms of the temperature measured in a thermostat, 
a combination of air and radiant temperatures” (Arens et al. (2010), p.5). 
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Adjacently to this line of reasoning, the first segment of the study 
permitted a closer cross-analysis against the calculated and/or CCDIs 
from the WMO’s ET for Ankara’s urban TaO, and periods of expected 
disturbances upon indoor sleep patterns, which in addition to RHI, is 
intrinsically correlated to TaI. 

Fig. 1 schematically portrays ranges of human physiological stan-
dards, indoor residence temperatures, and Ankara’s urban/peri-urban 
temperatures. In human-biometeorological terms it synoptically high-
lights the synergetic relationship between standardised physiological 
factors, the relationship of TaI variation within a respective building 
envelope, and the encompassing relationship with outdoor urban and/or 
peri-urban variations of TaO. Such a relationship directly correlates to 
the cause-and-effect between OCT and ICT, including of the latent heat 
storage, and the subsequent impact upon TaI variations. Based upon 

quantifying heat stress, and its respective requirement for ‘cooling ne-
cessity’, the constitution of the ICDN commences upon the standardised 
upper mean TaI limit for thermoneutrality as defined by the WHO 
(1990). Such a range was adjacently correlated to human physiological 
generic temperatures, including the TaIn limit for optimum sleep quality 
of 29 ◦C as delineated by Haskell, Palca et al. (1981) for a semi-nude 
human, with moderate fluctuations of RHI. 

Based upon the results determined by Nouri, Afacan et al. (2021) for 
the Turkish capital, the indoor conditions were interrelated to average 
minimum and maximum TaO values determined for the past decade for 
AMS, and the peri-urban EMS. 

In order to systematise the grades of the ICDN, Table 2 depicts upon 
how Tl was utilised to quantify the oscillation from the standard indoor 
mean TaI limit for thermoneutrality. Three important factors were 

Table 1 
Indoor and outdoor meteorological station stipulation, variable collection and ICDN output typology for Part I and II.   

Outdoor Collection Methodology Indoor Collection Methodology  

Data Typology Urban Peri-Urban In-situ In-situ  
Temporal Data Scope Yearly 

(-) 
Monthly 
(2020) 

Monthly 
(2020) 

Monthly 
(2020)  

Datasets [2008.0.2020] [7,8] [7,8] [7,8]  
Data Resolution 1 Hour 1 Hour 10 Minutes 10 Minutes  
Station & Variable AMS – 

MS#17130 

EMS – MS#17128 KHSO KHSI  

ICDN Output 
Var. Unit Var. Unit Var. Unit Var. Unit Var. Unit 

Study Part 
I 

TaO [◦C] TaO [◦C] TaO [◦C] TaI [◦C] Tl [◦C] 

Study Part 
II 

V1.1O [m/s] V1.1O [m/s] V1.1O [m/s] V1.1I [m/s] PETl [◦C] 
RHO [%] RHO [%] RHO [%] RHI [%] 
VPO [hPA] VPO [hPA] VPO [hPA] VPI [hPA] 
Oct [1.0.8] Oct [1.0.8] TgO [◦C] TgI [◦C]  

Fig. 1. Stipulation of indoor ICDN grades in the context of TaI range and TaO ranges for Ankara and respective human physiological temperature standards | *1 – 
Based upon the generic thermoneutrality value of TaI 29 ◦C as stipulated by Haskell, Palca et al. (1981) | *2 – Based upon the average Min. and Max. values for the last 
decade for Ankara as stipulated by Nouri, Afacan et al. (2021). 
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appreciated in this quantification method, namely: (1) being a first 
approach to the ICDN metric that was constructed upon Ta, establishing 
a simpler augmentation system was the priority to specifically define 
preliminary vulnerability levels to heat exposure in the first part of the 
study; (2) given that the second ICDN metric was based upon an EBM 
index which would account for further microclimatic variables such as 
RHI, V1.1I, and MRTI, the first ICDN would serve to compare the influ-
ence of such variables upon wholesome indoor biometeorological PS 
levels; and lastly, (3) given the emphasis upon TaI, based upon the early 
reference methodology of Nicol and Humphreys (1973) to investigate 
ITC factors in increments of 2 ◦C, the same incremental system was 
utilised for the Tl to extricate the variations for each ICDN grade. When 
considering the latter method, such a calibration shall certainly warrant 
further refinement, particularly in the case of the EBM based ICDN 
metric. Such types of calibrations, as identified by the existing literature 
continues to be a frequent item of revision, including for different 
encircling climate typologies (Lin and Matzarakis 2008, Lai et al. (2014), 
Potcher, Cohen et al. 2018). 

Finally, and in accordance with its increasing application in urban 
biometeorological studies as highlighted by Charalampopoulos (2020), 
Heatmaps were constructed using R-Script in order to facilitate the 
readability and communication of the results through the use of ‘dplyr’ 
(Wickham, François et al. 2020), ‘reshape2′ (Wickham 2020), and 
‘lubridate’ (Spinu, Grolemund et al. 2018) packages, along with the 
‘plotly’ (Sievert, Parmer et al. 2021) for the visualisation. 

2.2. Definition of extreme heat stress for Ankara through the CCDIs 

As disseminated by international scientific entities such as the 
Intergovernmental Panel on Climate Change (IPCC), the increase in 

average air temperature, and the noxious combination of increased in-
tensity and frequency of heatwaves, shall both be the most prominent 
impacts upon contemporary cities (IPCC 2013). Such top-down assess-
ments are symbiotic with the fact that both diurnal and nocturnal 
thermal loads shall increase beyond those already causing a consider-
able public health threat in terms of heat induced mortality rates 
(Rosenfelder, Koppe et al. 2016). Two extreme climatic events in recent 
history pay particular testament to resulting impacts upon human 
mortality rates, these being the Chicago heatwave of 1995, and the 
European heatwave of 2003. Not only did they salient the impacts upon 
dramatic mortality rates, they also upraised that: (i) as identified for the 
1995 heatwave, an under-classification of mortality attributable to the 
probable over-exclusion of deaths in persons who had pre-existing 
medical conditions who died a heat-related death (Tiefu, Howe et al. 
1998); and (ii) for the 2003 European heatwave, the debated post- 
‘harvesting’ period that accounted for a proportion of the deaths that 
were attributable to heat, but were also those were expected to die from 
other causes (this proportion percentage remained a topic of debate (e. 
g., between Toulemon and Barbieri (2008) and Robine, Cheung et al. 
(2008)). In alignment with the perspective of Hayhoe, Sheridan et al. 
(Hayhoe et al. (2010)), as the number of annual days witnessing a EHE 
increase, “…essentially creating one long ‘heat wave’ summer” (p.72), such 
temporal differentiations will become continually more insignificant. 
Similar conclusions were moreover reached by (e.g., Kovats and Ebi 
2006, Matzarakis 2016, Nouri et al. (2018b)) in addressing the resulting 
requirement for measures to warn, handle, and prevent such augmen-
tations in annual EHE in urban contexts. 

To approach the specific case of Ankara’s EHEs, twelve core CCDIs 
were calculated from the data retrieved from the AMS in the city centre. 
As shown in Table 3, the typology of the existing indices were divided 
into six groups, one of which (i.e., Group (E)) based upon three modified 
indices to determine exact occurrences of EHEs during the months of 
July and August. 

While the principal aim of the CCDI is to identify climate change 
trends usually over a thirty year period, the only station with sufficient 
data (both in terms of yearly and hourly complete datasets) for the case 
of Ankara was the peri-urban EMS. However, and as already recognised 
by existing literature (e.g., Çalışkan and Türkoğlu 2014, Nouri, Afacan 
et al. 2021), climate conditions are too dissimilar to accurately deter-
mine heat stress levels within the city centre. For this reason although 
more restricted, the uninterrupted data from 2008 onwards provided by 
the AMS was sufficient to (i) contextualise the results of the study with 

Table 2 
Definition of ICDN grades based upon Tl variation as a result of systematic 
increments of TaI.  

TaI (◦C) Tl (◦C) ICDN 

22 +0 – 
23–24 +1–2 Grade 1 
25–26 +3–4 Grade 2 
27–28 +5–6 Grade 3 
29–30 +7–8 Grade 4 
31–32 +9–10 Grade 5 
≥ 33 ≥ 11 Grade 6  

Table 3 
Description of the existing and adapted CCDI’s to define diurnal and nocturnal EHEs for Ankara.  

Grp. CCDI Designation Status Description Unit 

(A) TXX Max TaMax Existing Monthly maximum value of daily maximum temperature (◦C) 
TNx Max TaMin Existing Monthly maximum value of daily minimum temperature (◦C) 
TXN Min TaMax Existing Monthly minimum value of daily maximum temperature (◦C) 

(B) TXM Mean TaMax Existing Monthly mean value of daily maximum temperature (◦C) 
TNM Mean TaMin Existing Monthly mean value of daily minimum temperature (◦C) 

(C) TX10p Cool Days Existing Percentage of monthly days when TXX < 10th percentile (centred on a 5-day window) (%) 
TX90p Warm Days Existing Percentage of monthly days when TXX > 90th percentile (centred on a 5-day window) (%) 

(D) TN10p Cool Nights Existing Percentage of monthly days when TNX < 10th percentile (centred on a 5-day window) (%) 
TN90p Warm Nights Existing Percentage of monthly days when TNX > 90th percentile (centred on a 5-day window) (%) 

(E) MTR20 Monthly Tropical Night Added Number of days where TNX > 20 ◦C (# 
Days) 

VHD33 Very Hot Day Added Number of days where TXX > 33 ◦C (# 
Days) 

HWE31 Heat Wave Event Added Number of events where TXX > 31 ◦C for six consecutive calendar days (# 
Evts.) 

(F) WSDI Warm Spell Duration 
Index 

Existing Annual count of days with at least 6 consecutive days when TXX > 90th percentile (centred on a 5-day 
window) 

(# 
Evts.) 

SU25 Annual Summer Days Existing Annual count of days when TXX > 25 ◦C. (# 
Days) 

TR20 Annual Tropical Nights Existing Annual count of days when TNX > 20 ◦C (# 
Days)  
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proceeding years; and (ii) undertake percentile studies required to 
constitute the fixed definitions to identify local EHEs. 

Based upon the calculation procedure as initially defined by Zhang, 
Hegerl et al. (2004) to determine exceedance rates, the percentile based 
indices of Cool Days (TX10p), Warm Days (TX90p), Cool Nights (TN10p), 
Warm Nights (TN90p), and Warm Spell Duration Index (WSDI), were 
useful to identify diurnal/nocturnal periods of either cold/heat stress. 
However since the CCDI’s were focused upon a specific location, it was 
possible to further calibrate these definitions based upon local 90th and 
95th percentiles. As a result, using hourly TXX variations between 2008 
and 2020, the respective fixed temperature thresholds of 31 ◦C and 33 ◦C 
were defined. This enabled the study to identify the occurrence of: (1) 
Very Hot Days (VHD33) where TXX exceeded 33 ◦C; and, (2) grounded on 
the same temporal period of the WSDI, and in alignment with common 

heatwave definition practice as recently highlighted by Piticar, Cheval 
et al. (2019), a Heat Wave Event (HWE31) when TXX remains higher than 
31 ◦C for six consecutive calendar days. Finally, Monthly Tropical Nights 
(MTR20) was also added in order to ascertain periods of accentuated 
nocturnal heat events during specific months (rather than annual as 
identified by TR20). 

2.3. Residential case study 

As shown in Fig. 2, the in-situ analysis was conducted in a naturally 
ventilated unit within the Bilkent University campus in Ankara. It was 
constructed during the 1980′s and representative of the previously 
recurrent Turkish residential constructions methods. 

Demonstrated in Fig. 3, this traditional type of reinforced concrete 

Fig. 2. Illustration of the distribution of the utilised meteorological stations in Ankara, site plan, building floor plan, and the residential unit’s floor plan showing the 
placement of the in-situ stations. 
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structure system (i.e., of hollow clay brick external/internal walls 
finished with cement plaster and the load-bearing skeleton, composed of 
reinforced concrete floors without any outer shell insulation) still re-
mains frequent in Turkey (Esiyok 2006). Such construction techniques 
were undertaken prior to the introduction of building thermal insulation 
and energy performance in 2008 in an effort to match construction 
European-Union building and performance norms (Gültekin and Far-
ahbakhsh 2016). For this reason, such a residential case study reflects a 
disfavoured, yet still frequent scenario, in which to investigate Tl 
oscillation in an indoor context where the out-dated thermal resistance 
and properties render a building shell that is particularly vulnerable to 
the identified EHEs in the study. Based upon this specific construction 
typology in Turkey, Fig. 3 demonstrates the relationship with three heat 
transfer principals within the building shell, convection, radiation, and 
conduction. Such an approach is based upon the heat balance method of 
the building shell that highlights the importance of the encompassing 
thermal properties of the utilised building materials. 

Given the scope of the study, while it does not conduct an analysis 
into the energy performance of the building itself, the impacts of the 
high thermal transmittance (U-value) of the building shell are recog-
nised in a more elementary manner. According to Esiyok (2006), this 
type of reinforced concrete structure system without insulation has a 
significantly high U-value of 1.7 W/m2K. Such a value results in indoor 
contexts being particularly vulnerable to outdoor microclimatic condi-
tions during EHEs. Nevertheless, while such heavyweight construction 
methods can be conducive of increased cooling energy demand in 
warmer climates with hot summers (particularly during the identified 
augmented summer heating periods), in the case of Ankara, with its cold 

winters, similarly high heating demands cannot be neglected, either. 
Albeit, and highlighting the risks of assumptions attributed to 

generalist lightweight and heavyweight construction techniques, the 
study conducted by Rodrigues, Fernandes et al. (2019), justly enforced 
that the crucial factor is the appropriate selection of U-value materials 
within a specific building typology, located in a specific geographic/ 
climatic setting. Moreover, and referring to the adjacent case of Istanbul 
as an example, it was determined that higher U-values led to larger 
energy led to larger consumption in heavyweight construction than in 
lightweight construction techniques. For this reason such suppositions 
must never overweigh the significance of the thermal transmittance 
associated to the thermophysical properties of the elements, their 
geographical positioning, and in association, to their encircling climatic 
conditions. In association to the previous point, while high U-values 
enable the two way transportation of heat through a respective building 
shell, it is important to remember that if TaO remains excessively high 
(such as in the event of a MTR20), the periods potential cooling (e.g., 
during the night) that could otherwise transport the gained heat during 
the day outside, will not take place as effectively (Zhu, Hurt et al. 2008). 

In the case of the residential case study in Ankara, the increased rate 
of conduction due to the low thermal resistance in the buildings outer 
shell, periods where heat exchange (albeit mainly in one direction) was 
not occurring, was infrequent. Further information both about the 
building and apartment elements/areas and their respective U-values 
were presented in Table 4. 

The assessment of indoor conditions was undertaken within one of 
the most vulnerable apartments to solar radiation during the summer, 
where its exterior shell generally received the least amount of shading 

Fig. 3. Illustration of the previous typical reinforced concrete system in Turkey and the principals of the heat balance upon the building’s outer shell 
without insulation. 
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hours. Such a determination was reached via a geo-referenced initial 
Shadow Behaviour Simulation (SBS) study conducted on the first cal-
endar day of August with a resolution of 5 min, showing shading hours 
during both the morning and afternoon periods (Fig. 4). It was noted 
however, as identified in Fig. 2(B), the vegetation in front of the building 
were deciduous species (in contrast to the predominant amount of 
evergreen species on site) meaning that in addition to the lower sun 
path, the loss of biomass would likely affect the hours as portrayed in the 
SBS. 

Being on the second floor, the selected apartment only had the ver-
tical relationship with outdoor conditions through the building shell, 
with an external wall area of 43 m2, a total fenestration area of 6 m2, a 
glaze only area (i.e., excluding other window component/materials) of 

4 m2, and an external wall to glazed area ratio of 10.7. Remaining closed 
throughout the study, the double glazed fenestration represented a U- 
value of 2.7 W/m2K, with linen-pencil-pleat curtains (Fig. 2(D)) 
remaining closed, except for the bathroom window. Being between two 
other residential floors, as represented in Fig. 3, while there was still 
natural conduction between the floor structures as well, the resulting 
convective temperature exchange would be far outweighed by the 
values extracted from the exterior shell. Such a horizontal structure 
represented an area of 44 m2 for each apartment, and a total area of 177 
m2 per residential floor, with a U-value of 1.4 W/m2K. 

As noted in Table 4, the ground/basement floor of the building is not 
residential, and is utilised for storage and servicing. As to be expected, 
the U-value for the building’s ground structure was different to those for 

Table 4 
General building/apartment information pertaining to selected construction element, areas, and estimated U-Values for specific Turkish construction methodology as 
determined in Esiyok (2006).   

Exterior 
Building Shell 

Shell Fenestration 
(Double Glazed)  

Floor 
Structure 

Ground 
Structure 

Roof 
Structure  

Area 
(m2)  

(A) 

U-Value 
(W/ 
m2K) 

Total Fens. Area*4 

(m2) 
Glaze Area 
(m2)  

(B) 

U-Value 
(W/ 
m2K)  

(B) 

A/B 
Ratio 

Area 
(m2) 

U-Value 
(W/ 
m2K) 

Area 
(m2) 

U-Value 
(W/ 
m2K) 

Area 
(m2) 

U-Value 
(W/ 
m2K) 

Per Apartment*1 43  1.7 6 4  2.7  10.7 44  1.4 –  – –  – 
Per 

Common area*2 
5  1.7 1 0.6  2.7  8.3 15  1.4 –  – –  – 

Per Resident. Floor 
*3 

172  1.7 25 15  2.7  11.5 177  1.4 –  – –  – 

Ground Floor 99  1.7 26 17  2.7  5.8 –  – 191  1.1 –  – 
Entire Building 615  1.7 104 63.8  2.7  9.6 –  –   295  2.6 
*1 – Average value per apartment which varied slightly according to positioning; which moreover excludes small lateral verandas 

*2 – Average value depending on floor, with slight variations between residential floors 
*3 – Residential floors were between 1st and 3rd, with the ground floor serving for as storage and service utilities 
*4 – Encompassing fenestration area including frame, sash, bar and/or muntin  

Fig. 4. Preliminary SBS study in relationship to building block and apartment for the morning period (≜ 06:00 – 12:00) and afternoon period (≜ 12:00 – 19:00); at a 
resolution of 5 min, undertaken on the 1st of August 2020. 
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the residential floors, with a U-value of 1.1 W/m2K. Such a variation 
would naturally mean that if the climatic assessment were to be un-
dertaken on this floor, then the same importance would have to be given 
to such horizontal thermal exchange rates with the ground as well. 
Similarly, another approach would be required for last residential floor 
given the adjacent roof structure with the considerably higher U-value of 
2.6 W/m2K. 

With the concrete objective of visually communicating such a rela-
tionship for the building’s exterior shell within this study, a straight-
forward exterior ‘shell temperature balance’ (STaBal) (i.e., calculated via 
determining △ in Ta (TaI-TaO) for a specific hour, during a respective 
calendar day (i) during July and August, was utilised to portray: (i) 
periods of indoor-directed heat exchange – representing a negative 
temperature value; (ii) periods of outdoor-directed heat exchange – 
representing a positive temperature value; and just as importantly, (iii) 
occasions of Ta balance between the two settings where heat exchange ≈
0 ◦C. Furthermore, to aid output interpretation, such outcomes were 
represented using the Climate-Tourism/Transfer-Information-Scheme 
(CTIS) (Matzarakis (2014)). The STaBal was constituted by subtracting 
the hourly values retrieved from the KHSI (its central indoor placement 
shown in Fig. 2(D)) and from the AMS. The decision to use this outdoor 
station, and not the KHSO was due to the identified overheating of the 
mechanism’s surface temperature in low V1.1 conditions, thus leading to 
enlarged measurements of TaO when the apparatus wan in direct sun-
light (Kestrel 2015). For this reason, and as a result of site similarities, 
including that of encircling urban vegetation, the hourly data from the 
AMS was utilised. 

3. Results 

3.1. EHE and ICDN Heatmaps 

Through the stipulation of local EHE definitions of for MTR20, VHD33 

and HWE31 for Ankara, it was possible to associate such thermal risk 
factors for the months of July and August. As demonstrated in the 
Heatmap shown in Fig. 5, using the hourly processed TXX and TNX data 
from the AMS, it was possible to precisely identify the occurrence of the 
three adapted CCDI’s in relationship to diurnal and nocturnal variations 
of TaO. 

During the two summer months, it was identified that urban TaO 
ranged between a punctual minimum TXN of ~ 14 ◦C at 03:00 am, and a 
maximum TXX of ~ 36 ◦C that frequently occurred between the hours of 
10:00 and 15:00. During this two month period, a total of four HWE31 
were identified, and were located at the beginning and end of each 
month. These events always resulted in the increased frequency of 
MTR20 and VHD33 during the HWE31

′s six-consecutive day window. 
Such a relationship between the three CCDIs highlighted not only the 
vulnerability to consecutively high urban TaO levels, but moreover, the 
augmented risk of individual days and nights with particularly high 
temperatures that further exacerbated urban heat exposure. As an 
example, it was noted that the eight day HWE31 which started on the 
25th of July, witnessed four VHD33 and four MTR20 events, with another 
three being missed by less than 1 ◦C as shown in Fig. 5. However, this 
HWE31 could have easily merged with the following one that started on 
the 4th of August if it had not been for the 2nd and 3rd day where TXX 
fell just below the threshold. If it had not been for this very slight drop 
during these two days, there would have been a consecutive acute run of 
17 days where TXX remained above 31 ◦C, with a total of nine VHD33 (of 
which five were sequential), and seven MTR20 events. 

It was also recognised that while VHD33 and MTR20 generally 
occurred on the same days, these days did not necessarily take place 
during a HWE31. Such an occurrence was exemplified on the 19th and 
20th of July where both days exceeded a TXX of 35 ◦C for an extended 
period between the late morning and early afternoon. Such high urban 
temperatures remained during the night, thus resulting in two MTR20 
events. As a result, the main dissimilarity between July and August was 

Fig. 5. Heatmap of TXX variations with a temporal resolution of 1 h for July and August 2020 in relationship to MTR20, VHD33, and HWE31 for Ankara’s 
urban centre. 
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highlighted by the amplitude of TXX during the middle of the two 
months, outside the window of the identified HWE31. Unlike in July, 
diurnal TaOut during mid-August was generally more attenuated, with a 
punctual ‘below-threshold’ increase of diurnal temperatures on the 
19th, and of nocturnal temperatures on the 20th. 

As demonstrated in Fig. 6, the ICDN Heatmap revealed periods of 
accentuated Tl during the months of July and August with a temporal 
resolution of 10 min. The results of the Heatmap enabled a clear rep-
resentation of how indoor conditions varied during different EHE 
events. 

The results of the Heatmap enabled a clear representation of how 
diurnal and nocturnal indoor conditions varied during different urban 
EHE events. More specifically, it quantified the immediate and delayed 
consequences upon heat stress within a common, yet vulnerable, resi-
dential building typology in Turkey. 

The ICDN varied between grade 2 and 5 during the two months, with 
a predominant frequency between grades 3 and 4. When considering the 
relationship with EHE events in Ankara two clear patterns were iden-
tified: (1) ICDN generally remained at either grade 4 or 5 during a 
HWE31, particularly between the hours of 11:00 and 03:00; and, (2) 
punctual VHD33 and MTR20 which took place outside of the HWE31 
window, and resulted in higher ICDN grades. For both patterns, both the 
oscillation, and the delay of ICDN were significant results. The identified 
temporal lag between TaI and TaO can be directly associated to influence 
of the building’s heat storage capacity as a result of the overall trans-
missivity performance concomitant to the thermophysical properties of 
its heavyweight structure. 

As presented by the ICDN Heatmap, while the frame of higher TXX 
levels took place from 08:00 onwards, the occurrence of higher ICDN 
grades initiated four hours later and remained well after TXX dropped. 
Based upon this pattern, and as demonstrated in Fig. 1, since the 
commencement of grade 4 was interrelated with the end of the generic 
upper temperature limit for optimum sleep quality; it was moreover 
possible to identify periods where sleep patterns were to be likely dis-
rupted as a result of indoor heat stress. The four longest periods where 
sleep quality was likely to be jeopardised was between the: (1) 5th and 
9th of July; (2) 19th and 22nd of July; (3) 27th of July until the 3rd of 

August; and, (4) 7th to the 15th of August. The latter was the longest 
period with a run of nine consecutive days where sleep was likely to be 
disrupted throughout the night, with only a short decrease in ICDN 
between the hours of 06:00 and 07:00. 

The temporal delay of heat stress was also strongly related to the 
occurrence of diurnal periods which witnessed an ICDN grade of 5. More 
specifically, such high indoor heat stress never took place on the same 
day as the first EHE. Between the three adapted CCDIs, it was possible to 
identify that a stouter ICDN grade of 5 took place after the second day of 
two sequential VHD33 and/or a MTR20, irrespective of an HWE31. While 
HWE31 considerably increased the vulnerability of a grade 5, days such 
as the 20th of July illustrated that these occurrences could still occur 
outside a six day heat wave window. Given its high thermal trans-
missivity, such dynamics could be directly associated to the building 
shell’s vulnerability to the increased conduction of heat into the indoors 
through convection; with the crucial reversal of this exchange remaining 
lower during the EHEs, particularly in the case of a MTR20. 

3.2. Nocturnal and diurnal STaBal distribution 

When considering the STaBal distribution, it was possible to verify 
that days with more accentuated ICDN grades took place when STaBal 
remained lower during the previous night. As illustrated by the 6th, 
19th, 26th, and 30th of July, and the 6th – 7th of August, where STaBal 
remained lower during the night, all days were followed by an elevated 
diurnal ICDN grade of 5. Demonstrated in Fig. 7 during such periods 
where nocturnal STaBal remained closer to 0 ◦C, there was a decreased 
opportunity for thermal conduction of the absorbed heat to be released 
back into local encircling atmosphere. 

Subsequently, while a STaBal close to zero represented a limited 
temperature exchange between indoors and outdoors, this took place 
due to higher temperatures during a MTR20, and not because of the 
thermal efficiency of the building shell. Moreover, given the high ther-
mal conductivity of the building’s shell, the STaBal remained close to 
0 ◦C for only very short periods, thus suggesting the vulnerability to the 
identified EHEs for Ankara. During the EHEs, periods of increased 
diurnal heating (as represented by negative STaBal values) until 13:00 

Fig. 6. ICDN Heatmap with a temporal resolution of 10 min for July and August 2020.  
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could be directly associated to the commencement of the highest ICDN 
grades as shown in Fig. 6. 

3.3. Comparison of 2020 temperatures with previous years 

Based upon the CCDI results obtained by the RClimDex study, it was 
possible to contextualise the general TaO conditions, and the occurrence 
of EHEs during 2020 (Table 5), with those from preceding years between 
2008 and 2019. 

To shorten this section of the study, and instead highlight the vari-
ation from 2020 instead, the specific values for each of these years can 
be found in Appx.A. Depicted in Table 5, it was possible to identify 
important variations in the different groups, as shown in Fig. 8, where:  

▪ Group (A) revealed that the TXX of 35.9 ◦C recorded in 2020 
was surpassed seven times in the past twelve years, including in 
2008, 2010 and 2012 by + 1.8 K, +3.4 K, and + 2.2 K, 
respectively. TNX generally presented similar variations to TXX, 
with the exception for 2019, which marked a significant 

increase of + 2.2 K in comparison to 2020. Finally, 2020 
consistently presented significantly higher TXN after 2008, with 
2009, 2013 and 2019 showing variations of − 4.2 K, − 4.3 K, 
and − 5.9 K, respectively.  

▪ Group (B) demonstrated that for TXM and TNM, eight of the 
twelve years presented similar mean temperatures to those of 
2020, with a variation of less than 1.0 K. Such a result high-
lights the significance of the 2020 conditions for Ankara, with 
the exception for particularly cold or hot years over the past 
twelve years. In alignment with the TXN results, both TXM and 
TNM revealed 2009, 2013, and 2019 to be colder years with a 
respective drop of mean temperatures by − 2.0 K, − 1.7 K, and 
− 2.3 K. On the other hand, 2008 and 2010 revealed the sus-
ceptibility for hotter mean annual temperatures that could 
surpass those of 2020 by up to + 1.5 K and + 2.0 K, 
respectively.  

▪ Group (C) illustrated the variation of TX10p and TX90p. As to be 
expected, there was a clear relationship between the percentile 
of cooler/warmers days with the identified colder and warmers 
years from 2008 to 2019. More specifically however, in com-
parison to the summer period of 2020, 2010 revealed a signif-
icant increase of TX90p by 23.5 %, and the colder summer of 
2019 demonstrated an acute increase of TX10p by 29.5 %.  

▪ Group (D) presented the variation of TN10p and TN90p which 
followed a similar variation pattern as those in group (C). 
Nevertheless, the percentage of variation of cooler nights 
exceeded that of TX10p, particularly in 2009, 2013 and 2015. In 
the case of warmer nights (and unlike with TX90p), after 2012, 
TN90p always remained below the 14% recorded for the sum-
mer of 2020.  

▪ Group (E) presented the variations for the three added CCDIs. 
The count of MTR20 and VHD33 illustrated a strong association 
with TXM and TNM during both colder years (i.e., 2009, 2013, 
and 2019) and hotter years (i.e., 2008 and 2010). Although less 
variable, the HWE31 followed the same trend as well, and in 
comparison to the WSDI, presented a stronger relationship with 
mean yearly temperatures. Nevertheless the most important 
result was the liaison with the values obtained for 2020. With 
exception for particularly colder/hotter years, the number of: 

Fig. 7. CTIS diagram of STaBal distribution for the months of July and August.  

Table 5 
Monthly results for the summer of 2020 (Groups A-E), and yearly results for 
2020 (Group F).  

Average CCDI values for July and August 

(A) TXX (◦C) 35.9 
TNX (◦C) 21.7 
TXN (◦C) 28.1 

(B) TXM (◦C) 31.8 
TNM (◦C) 18.6 

(C) TX10p (%) 4.5 
TX90p (%) 14.0 

(D) TN10p (%) 2.5 
TN90p (%) 14.0 

(E) MTR20 (# Days) 12 
VHD33 (# Days) 20 
HWE31 (# Events) 4 

Annual CCDI values 
(F) WSDI (# Events) 9 

SU25 (# Days) 140 
TR20 (# Days) 16  
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Fig. 8. Variation from 2020 of the analysed CCDIs between 2008 and 2019 | for the months of July and August.  
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(1) days that witnessed either a MTR20 or VHD33 varied only by 
± 6 K; and, (2) HWE31 varied by a lower ± 3 K. These results, in 
addition to the mean temperatures, demonstrated that recorded 
temperatures (and EHEs) for 2020 were indicative of a rela-
tively typical local summer.  

▪ Group (F) indicated the variations of WSDI, SU25, and TR20. A 
significant result was the considerably lower amount of annual 
SU25 between 2009 and 2019 in comparison to 2020, which 
consistently presented the highest frequency of summer days. 
Noteworthy differences were moreover identified for years 
such as 2011 and 2014 which witnessed a significant reduction 
of 35 summer days in comparison to 2020. This meant while 
years such as 2010 generally presented higher temperatures, 
this did not imply an equally great amount of summer days. 
Annual TR20 varied considerably less, and generally followed 
the trends of TXM and TNM. Annual WSDI on the hand pre-
sented a different trend given the lack of events between 2013 
and 2016. Divergently to WSDI, and as also shown in Appx.A, a 
total of five HWE31 (two of which sequential) were witnessed 
for the summer of 2016. 

3.4. Summer UHI intensity and temperature overestimation 

The last results in the study identified the deviations between peri- 
urban and urban conditions to determine role of the Ankara’s UHI effect 
upon the diurnal and nocturnal temperatures. In addition to the com-
parison of TaO between EMS and AMS, the recordings from the KHSO 
were also compared. As demonstrated by the boxplot in Fig. 8, it was 
possible to verify the constantly higher urban temperatures recorded by 
the AMS for months of July and August. While the hours between 11:00 
and 15:00 witnessed similar temperatures between urban and peri-urban 
settings, this was not the case for nocturnal temperatures which revealed 
considerable deviations. Such deviations are directly attributable to 

released sensible heat from urban structures in Ankara’s city centre, 
including the frequently recurring structures that do not yet meet cur-
rent construction standards and regulations. As shown in the boxplot, 
the augmented latent heat within the city centre led to discrepancies 
between EMS and AMS, particularly during sunset and sunrise where 
higher urban TaO frequently revealed a mean hourly difference of 
around +2.5 K. It was noted, however, that such differences were 
recorded only for the summer period, and as demonstrated in Fig. 1, 
previously identified differences between urban and peri-urban tem-
peratures were identified to be higher during the winter/colder seasons. 

The drawback of the KHSO was also highlighted in Fig. 9, which 
revealed disproportionately high TaO recordings, especially when in 
direct sunlight with limited and/or null V1.1 speeds. Such a known issue 
of the station took place because of the heating of the plastic around the 
thermistor mainly the hours of sun exposure, hence the jump in recorded 
TaO values between 15:00 and 18:00, with values surpassing 50 ◦C 
(shown in Appx.B/C). For this reason, the TaO outputs from the KHSO 
were disregarded from the study. 

4. Discussion 

4.1. Application of EHEs and first ICDN to quantify indoor heat stress 

Based upon the processed hourly data for Ankara for the past thirteen 
years, new CCDI definitions were established to identify the occurrence 
of local EHEs. Moreover such events were related to indoor heat stress 
that was additionally categorised based upon incremental variations of 
Tl that were used to define the different grades of ICDN. 

Such an application represented two new approaches to the existing 
literature, these being: (1) the proposal of specific thresholds to deter-
mine local EHE’s in Ankara; and, (2) related such thresholds upon in-
door conditions within a vulnerable, yet frequent, residential typology 
in the city centre. In this way, both TaOut and TaIn were considered 

Fig. 9. Boxplot diagram of recorded diurnal/nocturnal TaO from EMS and AMS and KHSO.  
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together when ascertaining the frequency and intensity of heat stress 
events in one of the most susceptible countries to EHEs within the Eu-
ropean/Eastern Mediterranean region (Kuglitsch et al. (2010), Can, 
Şahin et al. 2019). Although the use of CCDIs in Turkey is not new, 
existing studies have utilised CCDIs at a much larger scale, and required 
a different approach to heat stress threshold definition, particularly due 
to the countries wide breadth of climatic classifications (Peel et al. 
(2007), Yılmaz and Çiçek 2018). However, within this study, given the 
focus on Ankara, in addition to RClimDex’s processing methodology of 
percentile-based temperature as defined by Zhang, Hegerl et al. (2004), 
the advantages of fixed 90-95th percentile thresholds were also 
extrapolated (Can, Şahin et al. 2019, Piticar, Cheval et al. (2019)). 

Even with coarser temporal resolutions, percentile-based CCDIs have 
been proven to be a useful tool to identify longer climate oscillations in 
Turkey, including in studies investigating national climate change 
trends (Şensoy, Türkoğlu et al. 2013), and effects of urbanisation in the 
country’s second biggest city of Ankara (Şensoy, Türkoğlu et al. 2015). 
In the case of the latter, for the period of 1960–2010, and although based 
on daily rather than an hourly (likely as a result of the more limited data 
resolution of the AMS), the CCDIs identified clear impacts as a result of a 
multiplication of urban inhabitants by almost five-fold during the same 
period. More specifically, CCDI’s such as those focused on night time 
cool/warm temperatures respectively identified that: (1) TN10p showed 
a decreasing trend that was four times stronger in the city centre; and, 
(2) TN90p on the other hand revealed a strong increasing trend that was 
double what was verified for the surrounding rural context. 

These disclosed results are particularly relevant to this study given 
the significance of nocturnal cooling following EHEs in order to reduce 
the occurrence of high ICDN grades the next day. Concomitantly, the 
shorter, yet finer temporal resolution of the study demonstrated that the 
amount of either annual TR20 or summer MTR20 recorded for 2020 could 
easily be matched and/or exceeded. Such a current possibility of sur-
passing 2020 EHEs must be perpetually associated to three aggravating 
factors, the: (i) continued densification of Ankara’s urban centre which 
requires vital thermal sensitive understanding, planning and design 
(Yuksel and Yilmaz 2008, Türkoğlu, Çalışkan et al. 2012, Nouri et al. 
(2021)); (ii) the existing vulnerability of Turkey to heatwave events 
which result in particularly hot summers (Demirtaş 2018); and finally, 
(iii) the encompassing augmentations of such EHEs as a result of climate 
change (IPCC 2013, Ozturk et al. (2015), Matzarakis 2016). 

Unambiguously, the same three aggravating factors are also symbi-
otic to other defined EHEs, including joint and/or separated HWE31 and 
VHD33 which determined the local impacts of lesser extreme tempera-
tures (i.e., pertaining to the 90th percentile) during longer periods; and 
of higher extreme temperatures (i.e., pertaining to the 95th percentile) 
but for shorter periods. With regards to the former, it proved to be a 
more effective means to determine extended periods of high heat stress 
in comparison to WSDI. 

As discussed by Alexander, Zhang et al. (Alexander et al. (2006)) the 
WSDI was introduced due to its homogeneous relativity to a particular 
location and to a specific timeframe (i.e., of a TXX > 90th percentile 
centred on temperatures from a 5-day window). As a result of this 
temporal window, while the index permitted the valuable identification 
of ‘warm spells’ outside of the summer period, it impeded the identifi-
cation and quantification of heat stress events that could be pinpointed 
based on their respective exceedance from local temperature thresholds. 
An example of this obstacle was identified in the summer of 2016 which 
witnessed a total of five HWE31 (two of which were sequential), yet there 
were no WSDI events for this year. In alignment with Zhang, Alexander 
et al. (2011), such additions are furthermore in line with the ever 
developing ‘CCDI suite’ to identify and measure the occurrence of EHEs 
based on TaO, which in this case, focuses upon the case of Ankara. 

By defining the fixed EHE thresholds, without detracting the 
importance of the other CCDIs, it was possible to pinpoint the impacts of 
such outdoor stimuli upon Tl and resultant ICDN grades. Based upon TaI 
fluctuation, the first ICDN metric represented preliminary vulnerability 

levels to diurnal and nocturnal heat exposure within a thermally sus-
ceptible residential setting. As was possible to verify in Fig. 5, the ICDN 
varied exclusively between grade 2 and 5; without presenting any pe-
riods of neither grade 1, nor grade 6. Although omitted for this reason in 
Fig. 5, both grades were still maintained as initially presented in Fig. 1/ 
Table 2, due to subsequent comparisons with the ensuing EBM ICDN, 
which could reveal such corresponding thermal vulnerability periods. 

The first metric not only revealed hourly periods that indicated 
considerable indoor cooling requirements, but just as importantly, their 
occurrence in relationship to EHEs. More specifically, two main patterns 
were identified, these being that: (1) ICDN alarmingly varied predomi-
nantly between grade 4 and 5 for more than half the day during a 
HWE31; and (2) short but strong VHD33 and MTR20 could also result in 
high ICDN grades outside an HWE31 as well. 

Notwithstanding, in addition to the ICDN’s categorical and frequent 
variations of Tl remaining between +7 ◦C and +10 ◦C, another impor-
tant output was the identified delay of such heat stress, even after out-
door TXX dropped. These delays were intrinsically associated to the heat 
transfer dynamics between the outdoor and indoor context, where the 
gradual, but ceaseless heating of the building envelop would subse-
quently loose heat at a slower rate. Moreover and as already mentioned, 
such heat loss was further conditioned during a MTR20 where nocturnal 
STaBal remained closer to 0 ◦C, and thus inhibited the thermal conduc-
tion of the absorbed heat back into the neighbouring atmosphere. 
Although a STaBal close to zero epitomised diminished thermal 
conductance through the building shell (and thus inferring its resistance 
capacity), this occurred due to higher temperatures during a MTR20, and 
not because of its thermal resistance. In association, the short-lived and 
scarcity of a neutral STaBal highlighted the high vulnerability to outdoor 
climatic conditions, especially during EHEs. During such events, periods 
of augmented diurnal heating until ~ 13:00 could be directly interlaced 
to the commencement of the highest ICDN grades as shown by the 
constructed Heatmap. 

While this study focuses upon the quantitative attributes of heat 
stress vulnerability, the first ICDN reveals opportunities to further 
investigate the qualitative behavioural patterns during the identified the 
local EHEs as well. Here, methods to identify thermal adaptive processes 
as presented by Nicol and Humphreys (1973) and de-Dear and Brager 
(1998) can be explored in combination with the quantitative outputs of 
this study. More specifically, the ICDN Heatmap presented the di-
vergences from Tl, which in quantitative terms, presented a means to 
evaluate the degree of oscillation from a universal Ta indicator of 
thermal neutrality. This result by no means infers that people shall 
perceive such heat stress in the same way, nor will the disclosed ‘cooling 
necessity’ be the same for everyone. However its depicts upon the 
assessment of an indoor ‘objective component’ (de-Dear, R., V. Foldvary, 
(2016)), to which all individuals shall undertake their own subjective 
evaluation of thermal comfort (Höppe 2002). 

Naturally, these subjective evaluations can only properly concluded 
with qualitative evaluations of test subjects. Notwithstanding this does 
not impede the quantitative results of the study to shed light upon the 
importance of the identified heat stress vulnerability during periods 
with high ICDN grades, and the propensity of such grades in light of the 
defined outdoor heat stress thresholds. 

Lastly, periods of prospective impacts upon sleep quality and CRC 
patterns as a result of higher nocturnal ICDN grades were also 
acknowledged. As stated within this study, the human physiological 
thermoneutrality was set at a TaI limit for optimum sleep quality of 29 ◦C 
based upon the early work delineated by Haskell, Palca et al. (1981) for 
a semi-nude human, with moderate fluctuations of RHI. Nevertheless, 
while such a value was utilised within this study based upon its scope, it 
was irrespectively noted that such thermoneutrality conditions for op-
timum sleep quality has remained a topic of debate, and been deter-
mined to require further study, particularly in those which focus upon 
‘residential specific’ case studies (Petrou et al. (2019)). In addition, in a 
further recent study undertaken by Lomas, Watson et al. (Lomas et al. 
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(2021)), who also looked at residential overheating factors in the UK 
within an era of climate change; it was encouraged that further future 
study is required to undertake the suggested next step into shifting from 
a ‘static’ to a more ‘adaptive’ criterion to approach sleep quality. 
Concomitantly, such a method, could potentially aid the growing urgent 
need to address residential indoor overheating risk factors in specific 
sectors, including upon sick and elderly urban inhabitants (Nastos and 
Matzarakis 2008, Ebi et al. (2021)). 

Within this particular study, as exemplified by the significant run of 
nine consecutive days between the 7th and 15th of August, such periods 
depicted upon potential time-frames where the human- 
biometeorological system would have a harder time to regulate, 
replenish and restore attributes of human physiology (Haskell et al. 
(1981), Parmeggiani 2003, Okamoto-Mizuno and Mizuno 2012). 
Moreover, and in association with subjective/qualitative attributes such 
as those raised by Nikolopoulou and Steemers (2003), it cannot be 
presumed that thermal stress resets at the end of the day. Naturally, the 
longer the susceptibility to cumulative load (including throughout the 
night) the greater the ‘expectation’ for cooling and reduced willingness 
for more ‘time of exposure’ (Nouri and Matzarakis 2019). 

4.2. Managing urban extreme heat vulnerability 

Within the existing literature, in an era of climate change, there is a 
clear rising shift towards the growing importance in considering in-situ 
TaIn in addition to MS TaO measurements to assess the intensity and 
frequency of outdoor and indoor heat stress thresholds (Basu and Samet 
2002, Nazaroff 2008, White-Newsome et al., 2012). Based upon such an 
approach, and moreover upon the identified vulnerability to existing/ 
future EHEs in city’s such as Ankara, the encompassing results of this 
study point towards the need for two types of extreme heat stress 
management. Both are associated to one another, however given the 
required timeframe for the second, an emphasis is given to the first, 
particularly given its utility in any type of urban setting. Firstly, in the 
short-term, based upon the local definitions of local EHEs for Ankara, 
and learning from international precedents, there is now the augmented 
opportunity to work towards altering the members of the public 
(including those in more vulnerable conditions) through the constitution 
of heat warning systems (Kovats and Ebi 2006, Matzarakis 2016, 
Giannaros et al. (2018)). Secondly, in the medium-to-long-term, a 
higher emphasis should be made to updating outdating prevailing con-
structions methods which no longer meet existing building codes. Such 
efforts can moreover be associated to studies highlighting the impor-
tance of addressing the lack of sustainable features in Turkish residential 
buildings before the turn of the century to ensure overall indoor envi-
ronmental quality satisfaction/living standards for urban inhabitants (e. 
g., in Afacan and Demirkan 2016). 

As mentioned, the latter will require more time, but will undoubtedly 
be accelerated by more regulated residential building and planning 
codes. It is worth noting that such approaches complement the valuable 
lessons previously disseminated by Yuksel and Yilmaz (2008), who 
amongst other proposals, highlighted the importance of creating 
vulnerability maps and the introduction of ‘green–blue infrastructure’ 
(Nouri et al. (2018a), Matzarakis 2021) to counteract elevated urban 
temperatures Ankara. 

Within the study, it was identified that such urban temperatures 
revealed a moderate UHI intensity (~2.5 K) during the summer of 2020. 
Very likely, however, such a result paints an incomplete picture of UHI 

behaviour within the city centre. While the identified UHI intensity of 
the study was in alignment with the results determined by Çiçek and 
Doğan (2006) for the summer period; their study also suggested that 
given the combination of dry summers, and location at the bottom of a 
topographical basin, the intensity of UHI in winter was considerably 
greater than the other seasons. These results also corroborate the 
significantly higher divergences between the urban and peri-urban sta-
tions during the winter period in comparison to the summer period as 
summarised in Fig. 1. Last of all, it was noteworthy to highlight these 
results in the context of the earlier conclusions retrieved by Karaca et al. 
(1995), who already indicated that the UHI in the ‘newer metropolis of 
Ankara’ (relative to Istanbul) was “becoming effective, especially in recent 
years, and the future will be the years of urban heat island effect” (p.3420). 
In comparison to 1995, the growing capital currently houses double the 
amount of urban inhabitants. 

5. Concluding remarks 

Within this study, locally defined extreme heat events based upon 
Ankara’s hourly measurements over the past thirteen years were 
established and subsequently related to the construction of a new ‘In-
door Cooling Degree Necessity’ metric to approach the frequency and 
intensity of indoor heat stress exposure. Based upon indoor air tem-
perature fluctuation within thermally susceptible reinforced concrete 
structure systems without insulation, the first metric identified pre-
liminary vulnerability levels to diurnal and nocturnal heat exposure 
with a temporal resolution of ten minutes. 

The resulting metric not only identified extended periods of extended 
necessity for indoor cooling but just as significantly, their relationship 
with local extreme heat events. In the following part of the study such 
vulnerability levels shall be identified through the use of an energy 
balance model based metric to determine how the grades determined in 
this study can be attenuated during the disclosed extreme heat events, 
including very hot days, heat wave events and tropical nights. 

Highlighting the crucial need to associate indoor and outdoor heat 
stress within local extreme heat events, particularly in more vulnerable 
residential contexts, this study pinpoints the need for urban heat man-
agement in rapidly expanding and volatile urban frameworks. At an 
architectural level, there is an urgent to ensure building constructions 
codes are up-to-date in cities such as Ankara. Given the longer time 
frame for such interventions, accompanying urban thermal planning 
and management, such as the mapping of such vulnerable structures, 
and the constitution of urban heat warning systems (based upon local 
extreme heat definitions) are just as imperative for the Turkish capital in 
an era prone to further climate change impacts. 

Funding 

This investigation was supported by the Scientific and Technological 
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Appendix A. . RClimDex data Table (2008–2020).    

TXx TNx TXn TXm TNm TX10p TN10p TX90p TN90p MTR20 VHD33 HWE31 WSDI SU25 TR20   
(◦C) (◦C) (◦C) (◦C) (◦C) (%) (%) (%) (%) (# Days) (# Days) (# Events) (# Events) (# Days) (# Days) 

2008 Jul. 38.1 22.0 26.8 31.6 18.1 3 6 12 9 7 8 1 – – – 
Aug. 37.2 23.0 30.2 33.4 20.0 0 5 28 35 15 16 3seq. 

2009 Jul. 34.2 21.3 22.6 29.8 17.4 22 15 2 9 2 5 1 0 119 5 
Aug. 35.2 21.9 25.2 29.8 16.7 22 40 0 3 2 3 0 

2010 Jul. 38.9 23 28 32.3 19.1 0 0 12 16 7 9 2 27 124 28 
Aug. 39.6 25.7 28 35.3 21.2 0 0 63 64 21 24 3seq. + 1 

2011 Jul. 36.4 21.5 26.4 31.8 17.9 2 8 11 0 8 10 1 0 105 9 
Aug. 36.2 22.8 22.7 30.1 17.0 6 9 2 3 2 3 0 

2012 Jul. 40.5 25.8 24.7 32.9 19.9 9 0 29 32 16 15 3seq. 18 135 20 
Aug. 35.7 20.4 24.6 30.0 17.5 18 15 3 0 1 2 0 

2013 Jul. 33.1 20.7 22.8 29.6 16.9 27 29 0 8 2 2 1 0 122 4 
Aug. 33.8 19.5 24.8 30.5 17.2 12 19 0 0 0 4 1 

2014 Jul. 36.1 21.6 24.7 31.7 18.4 12 3 9 7 6 12 2 0 105 13 
Aug. 37.7 23.1 28.4 32.4 18.6 3 0 21 7 6 13 2 

2015 Jul. 37.4 22.8 26.1 30.6 17.2 6 22 5 5 6 7 1 0 115 12 
Aug. 34.7 21.2 25.8 31.0 18.0 19 16 0 0 6 9 2 

2016 Jul. 37.7 23.3 26.9 31.4 17.7 7 13 16 7 4 6 2 0 114 16 
Aug. 35.7 21.5 24.4 31.9 18.7 10 10 14 6 10 15 2seq. + 1 

2017 Jul. 38.1 21.6 27.6 32.1 18.1 12 11 13 16 3 10 1 7 111 14 
Aug. 36.4 23.1 25.6 31.1 18.5 15 3 6 9 8 10 1 

2018 Jul. 36.2 22.2 27.2 30.8 17.9 3 0 13 5 3 6 1 0 133 12 
Aug. 35.7 22 28.4 31.4 18.3 5 10 5 15 8 7 2seq. 

2019 Jul. 34.6 21.2 20.7 28.8 16.3 39 30 0 0 1 1 1 9 128 7 
Aug. 38.8 26.6 23.6 30.2 17.8 29 16 6 3 4 5 0 

2020 Jul. 35.9 21.6 28.7 32.1 18.8 0 3 22 23 7 11 2 9 140 16 
Aug. 35.9 21.8 27.4 31.4 18.3 9 2 6 5 5 9 2   

Appendix B. . Heatmap for the in-situ KHSO for July 2020
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Appendix C. . Heatmap for the in-situ KHSO for August 2020
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