o ey z
<@ sustainability ﬂw\p\py

Article
The Influence of Urban Climate on Bioclimatic
Conditions in the City of Iasi, Romania

Pavel Ichim‘® and Lucian Sfica *

Department of Geography, Faculty of Geography and Geology, Alexandru Ioan Cuza University of Iasi,
700506 Iasi, Romania; pavel.ichim@uaic.ro
* Correspondence: lucian.sfica@uaic.ro

Received: 18 October 2020; Accepted: 16 November 2020; Published: 19 November 2020 ﬁr;,e;gtfeosr

Abstract: This study was carried out in order to outline the human bioclimatic stress/comfort
conditions within the area of lasi city, Romania. The meteorological data were obtained over a 7-year
period (December 2012-November 2019) from an observation network relying on 8 fixed observation
points located in selected spots, relevant for the urban climate conditions in the region. The results
demonstrate firstly that throughout the entire analyzed period, using the thermo-hygrometric
index (THI), “very cold” conditions characterize 4% of the entire year in the inner parts of the city
and 6% in the rural area, while the “hot” THI conditions vary from 18% in the middle of the urban
heat island to 15% in the rural area. Overall, the rural areas are generally more comfortable than the
inner city, especially during summer, when the urban heat island (UHI) core is starting to develop
from the evening and persists during the night. On the contrary, the UHI renders the inner city more
comfortable than the rural surroundings from October to April. Similar bioclimatic conditions are
also presented in detail for the summer by the relative strain index (RSI), which exceeds the stress
threshold value mostly during heat waves, when a significant contrast between urban and rural areas
is felt. In brief, it has been determined that the most suitable area for human comfort in Iasi city is
inside the urban area during the winter and in the rural areas during the summer.

Keywords: Thermo-Hygrometric Index (THI); Relative Strain Index (RSI); urban climate; relative
humidity; air temperature; urban heat island (UHI)

1. Introduction

The field of human bioclimatology started to gain relevance during the 1980s [1] and nowadays
the characteristics of urban bioclimatic conditions are researched in depth worldwide. Urban climate
studies cover a wide range of research categories, including the assessment of thermal comfort, with the
aim to improve urban sustainability [2]. Actually, there is an increasing interest in this topic [3]
due to the simple fact that more than half of the world population lives in cities and the percentage
is increasing [4]. Consequently, from hot climates to temperate and subarctic climates, bioclimatic
conditions are analyzed [5], especially from the perspective of the manifestation and effect of the
urban heat island (UHI) [6]. The overall effect of urban climate on human bioclimatic conditions is
far more complex than the largely discussed higher thermal stress specific for inner parts of the cities.
For instance, outdoor thermal comfort has important implications for urban planning and energy
consumption [7]. Beyond this aspect, the human body possesses a certain capacity to respond to
environmental conditions and acclimatize to it, but exposure to extreme heat or cold may be harmful
to human health [8].

Human bioclimatology in cities deals mainly with aspects of urban climate and its relation to
outdoor thermal comfort/discomfort levels [9] and health [10]. Throughout time, various approaches
have been used and several reviews of human biometeorology have been published [1,11,12]. Overall,
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the different kind of methods used in the field only give a first approximation of the physiological
reactions of selected groups of individuals in complex environments like urban areas [1,13,14]. During
discomfort periods, generated mainly by heat waves (HWs) or cold waves (CWs), the people affected
most severely by thermal discomfort are those who suffer from cardiovascular diseases or diabetes,
which are more frequent among the elderly people [15,16]. Strong HWs can induce more than double
the mean annual mortality rate, the most common cause of death being represented by heat stroke,
heat exhaustion or other heat-related conditions [17,18].

Globally, bioclimatic conditions are assessed using a variety of bioclimatic indices. Warm and
cold stress depend on the climatic region, being determined by air temperature, humidity and wind
speed [19,20]. In temperate and warm regions, many studies focus on the variation of bioclimatic
indices during the warm season [6,15]. During this period of the year, the most frequent exceedances
of the thermal comfort thresholds are recorded during extreme HWs [17]. In winter, under strong
anticyclonic conditions, CWs generate strong decreases in air temperature that induce extremely
cold stress [21,22]. In many studies the bioclimatic indices are analyzed and correlate with mortality
rates [10], but also with the level of comfort in different urban areas [9,23]. For the various indices used,
the most frequently applied parameters are air temperature and relative humidity [1], which are easily
recorded, requiring a simple and relatively inexpensive set of instruments and data-loggers.

The bioclimatic studies in Romania have targeted generally large physical-geographical regions
and have used climatic data obtained mainly from the meteorological observation network of the
National Meteorological Administration. At the country scale, Dobrinescu et al. [24] revealed a
significant increase in the frequency of extremely high thermal discomfort indices after 1985, a process
that was assessed to increase the risk for human health. Furthermore, Ciobotaru et al. [25] analyzed for
the entire territory of Romania the THI (thermo-hygrometric index) in relation to tourism activity using
the Higuchi dimension for additional assessment of THI, in order to define the annual and seasonal
THI variations. Generally, bioclimatic studies aim to provide a representative image of the risk areas
due to overheating or overcooling [1-3,6-10,26,27]. A series of research studies on local or regional
bioclimate have focused on Dobruja province where seaside tourism activities are more developed [26].
The studies carried out within the Romania and Moldova region, which include Iasi city, are based on
the analysis of the following indices: effective temperature, wind chill [28] THI and RSI (relative strain
index) [26,29]. These studies focused on the delimitation of the intervals characterized by bioclimatic
comfort/discomfort for long periods of time. Furthermore, the Moldavian Plain region, where lasi
city is located, was analyzed by Mihdila et al. [30], from the perspective of bioclimatic favorability for
tourism activities using: tourism climate index (TCI), physiological equivalent temperature (PET),
universal thermal climate index (UTCI) and climate-tourism-information-scheme (CTIS).

Besides these bioclimatic studies, the number of urban bioclimatic studies carried out in Romania is
relatively small. For Cluj-Napoca city some bioclimatic indicators (pulmonary stress index, THI and RSI)
have been investigated [31]. The climate of lasi city was studied recently in its major characteristics
by Alexe [32] and from the perspective of the urban heat island (UHI) extension and intensity by
Sfica et al. [33]. Thermal differences generated by the UHI in Iasi city were also observed previously
by Apostol et al. [34], Alexe et al. [32], Sfica et al. [33] and Ichim et al. [35]. From December 2012 to
November 2015, Sfica et al. [33] observed a mean annual temperature 0.8 °C higher in the city area
compared with the rural conditions. During summer, UHI has the highest intensity, especially during
the night hours with differences of 2.5-3.0 °C between urban and rural areas [33]. More than this, in a
study aiming to depict the weather conditions during summer nights, Ichim et al. [35] observed a
nocturnal UHI reaching 4 °C in intensity during a HW (1-5 August 2017).

Events with a major impact on exceedence bioclimatic thresholds are associated with dynamic
atmospheric factors. The most important climatic events that have capacity to generate sudden and
lasting heating or cooling are associated with HWs, warm spells (WSs), CWs and cold spells (CSs). In the
eastern part of Romania during summer, HWs and WSs occur in different synoptic conditions, but in
the last two decades HWs are associated with cyclonic conditions generating high air temperatures and
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humidity, which can generate intense thermal discomfort [36]. It was observed that HWs and WSs have
increased in their annual frequency and have become more intense [20]. Therefore, some studies focused
on particular synoptic conditions when the region was under the incidence of strong HWs [34,35].

The current study represents the first attempt to describe bioclimatic conditions of a major city
in Romania using multiple fixed points of observations monitored over a consistent period of time
(7 years) for air temperature and relative humidity.

2. Study Area

Iasi city is situated in the northeastern part of Romania (47°N, 27°E) in the historical province of
Moldova, at a mean altitude of 87 m above sea level (Figure 1). lasi city is a medium-size city with a
population of almost 335,000 inhabitants in 2012 [37] and its built-up area was approximately 71 km?,
this being subject to a significant increase in the past years [38]. The urban population density decreased
by 12.7% from 2006 to 2012 [38], due to the migration in the newly residential areas surrounding
the city. Most of the population (74.3%) lives in multifamily residential buildings (apartments mostly)
where approximately 260,000 inhabitants live in 2673 buildings [39]. In recent years, the city of Iasi has
maintained most of its green spaces in its inner city [37].
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Figure 1. Geographical position, hypsometry, built-up area and location of observation points (OPs) in
Iasi city (partially adapted from Sfica et al., 2018 [33]).

From a climatic point of view, according to the K&ppen climate classification, lasi city is located
within the Cf (temperate warm climate with uniform annual distribution of precipitation) climatic
region or in Dc (temperate continental climate with a long warm season) climatic region, according to
Trewartha’s classification [40]. The mean annual air temperature is 9.7 °C for 1961-2009 [32] with a
fast increase in the last period estimated by 0.25 °C/decade [41]. The seasonal differences are high,
with mean air temperature of —3.0 °C in January and 21.2 °C in July [33]. The precipitation amount
reached 572 mm for 1961-2016 [42]. For a temperate climate zone, as in the lasi city region, the thermal
comfort is appreciated at 16.8-20.8 °C [29].
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To obtain a better image of the urban heat island (UHI) of Iasi, starting with December 2012,
a network of eight data loggers was established with fixed observation points (OPs) in representative
areas for the local climate within the urban and rural area. In addition to this network, in the current study
we also used data obtained from lasi national weather station [43], located at the margin of the city area
(Figure 1). From the entire network, five observation points (1—University; 2—Museum; 3—Combined
heat and power plant, CHPP; 4—Racovita; 5—Dacia) are located inside the urban area, while three other
observation points (6—Dancu; 7—Ciric; 8—Paun) are located in rural area. The OPs were selected in
order to cover all the type of urban land use and environments, as explained in Sfica et al., 2018 [33].
This way, the current study is based on mean values obtained for urban and rural OPs.

In order to create a clear image of the spatial distribution of the climatic features and bioclimatic
conditions we excluded from the rural area the Paun OP. Due to its location in a higher altitude in
the region, Paun OP would modify the mean thermo-hydrometric variations between urban and
rural areas. This point was used instead for mapping the climate elements and the bioclimatic indices
over the region.

3. Data and Methods

The current study is based on air temperature and relative humidity data obtained from the
observation points mentioned above. In these points, local time (LT) hourly air temperature and relative
humidity were measured. The data were recorded using certified data loggers for air temperature and
relative humidity. All observations were made in classical thermometer shelters at the height of 2 m
above ground level.

The above-mentioned data were used to calculate the thermal stress expressed by the THI for the
entire period and by the RSI for summer (June-August).

At each measuring point for all the observation times, eight THI categories were calculated
(very cold, cold, cool, comfortable, hot, very hot and torrid). Water vapor pressure (hPa) data were
derived from psychrometric formula using hourly relative humidity data for the period December
2012-November 2019.

The THI formula proposed by Kyle [44] was used in the current study. This formula incorporates
hourly air temperature (T) and relative humidity (U):

THI (°C) = T — (0.55 — 0.0055-RH)-(T — 14.5) 1)

where T is air temperature (°C) and RH is relative humidity (%).
For comfort values, Thom [45] delimited 70 °F (21.1 °C) as a threshold separating comfort from
hot discomfort (Table 1). The comfortable conditions range between 15 °C and 20 °C [46].

Table 1. The categories of the THI (thermo-hygrometric index) [44,46].

THI Category THI Values (°C)
Extremely cold —-19.9 to —10.0
Very cold -99to-1.8
Cold -1.7t012.9
Cool 13.0 to 14.9
Comfortable 15.0 to 19.9
Hot 20.0 to 26.4
Very Hot 26.5 t029.9
Torrid >30.0

After calculating the hourly values of THI, in order to highlight the urban/rural variations of THI,
the total number of hours within each class was divided by 24, thus obtaining the total number of
conventional days per year in each THI class for the entire analyzed interval. Furthermore, the number
of effective days with at least 1 h in a specific THI class was calculated. Using together these two
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parameters, expressed in the same unit (no. of days), we indicate both the frequency and the persistence
of THI classes and ease the comparison between these parameters. For instance, a specific THI
class with a high number of effective days, but a low number of conventional days, shows that the
corresponding conditions occur normally for a small number of hours during each day of occurrence.

The RSIwas calculated with Formula (2) using hourly air temperature and water vapor pressure (hPa),
the second parameter being derived using Formula (3) proposed by Asghari et al. [47] from relative
humidity measurements. RSI was developed to evaluate the comfort level for a sedentary man, in healthy
condition, 25 years old, wearing a light business suit and not acclimatized to heat. RSI renders the
comfort level according to the following conditions: internal heat production 100 W/m?, air movement
less than 1 ms™! and no solar radiation income. RSI is calculated using air temperature values (t/°C) and
water vapor pressure (e/hPa) [46,47]) and is mathematically expressed as follows:

T-21

RSI = , 2
58 —e @
where T is air temperature (°C) and e is water vapor pressure (hPa).
_ RH 75X bt
6—100x6.112><10 7FT, 3)

where T is air temperature (°C) and RH is relative humidity (%).

The RSI defines the thermal stress threshold for the heat exchange budget of the human body
under overheating conditions and the potential negative effects that extreme air temperature might
have on human physiology [26,48]. As for the territory of Moldova, Ionac [48] proposed a modified
classification of RSI thresholds, we decided to use Kyle’s [44] RSI classification (Table 2) due to its
simplicity and broad usage in similar studies.

Table 2. The RSI (relative strain index) classification based on Kyle [44].

Proportion of Persons

RSI Values after Kyle 1992 Unstress/Distress (%)

Bioclimatic Comfort/Discomfort

0t00.10 100 unstressed Bioclimatic comfort
0.10 t0 0.20 75 unstressed Bioclimatic discomfort for more sensitive persons !
0.20 t0 0.30 0 unstressed Bioclimatic discomfort for more than 50% of the population
0.30 to 0.40 75 distressed Overheating risk for more than 50% of the population
0.40 to 0.50 100 distressed Heat-stroke risk for all population

1 In the case of older and sick people, the RSI values equaling 0.20 represent the maximum limit of tolerance, above
which heat stroke is evident.

Air temperature, relative humidity and thermal comfort distribution maps were modeled using the
residual kriging method from Qgis software. The interpolation method started with the distribution of
altitudinal regression. Then, the climatic parameters were interpolated by ordinary kriging. To obtain
the final distribution model, the regression residuals were interpolated by ordinary kriging and added
to the altitudinal regression model [49]. The residual kriging method is considered the optimal method
for mapping climatic parameters for areas with fragmented topography [33,50]. Indeed, the validation
of the model, presented as Supplementary Materials (Table S1), confirms that the model errors are very
small so that the final interpolation reflects accurately the distribution of the represented parameters.

As descriptive statistics for the analyzed data (air temperature and relative humidity) we
used mean, maximum, minimum values for all the parameters. For RSI, in order to highlight
the differences imposed by the UHI between rural and urban areas we applied a classical quartile
analysis. Furthermore, a t-test (p < 0.05) was applied for differences between urban and rural areas for
mean monthly, seasonal and annual air temperature, for relative humidity, but also for RSI quartiles.
The detailed results of this t-test are presented in Supplementary Materials (Tables S2-54).
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4. Results and Discussion

4.1. General Characteristics of lasi Urban Heat Island

For the period December 2012-November 2019 (Table 3), the UHI mean intensity is quite similar
(0.6 °C) to the period analyzed by Sfica et al. [33]. This difference is statistically significant at annual level,
but also for the summer and winter months. Generally, the UHI is less pronounced during seasons
with a more dynamic atmospheric circulation, such as spring, and a more pronounced urban heat
island is observed in periods with high anticyclonic activity, as in autumn and winter [33].

Table 3. Mean air temperature (T mean, °C), absolute maximum (T max, °C), absolute minimum
(T min, °C) and differences (Diff, °C) between urban and rural areas at monthly and seasonal levels
in Jasi city (December 2012-November 2019). Tmax and Tmin extreme values are indicated with the
corresponding OP, expressed as a number from Figure 1, where they have been recorded. Statistical
significant differences for Tmean at p < 0.05 are indicated in bold italic.

Cold Warm

Winter  January Spring April Summer  July Autumn October Season  Season Annual
Urban 0.2 -17 12.4 12.8 227 23 11.9 11.1 4.1 19.5 11.8
Tmean  Rural -04 -2.3 11.9 12.3 221 224 11.3 10.5 35 18.9 11.2
Diff 0.6 0.6 0.5 0.5 0.6 0.6 0.6 0.6 0.6 0.6 0.6
Urban 20.7 12.8 33.5 32.8 39.9 39.4 38.9 29.7 29.7 39.9 39.9
OPs 3.0 3 3.0 2 3.0 3 3.0 3 3 3 3
T max Rural 20.7 12.1 34.2 321 39.3 38.4 38.1 29.7 29.7 39.3 39.3
OPs 7.0 6 6.0 6 6.0 6 3.0 6 6 6 6
Diff 0.0 0.7 -0.7 0.7 0.6 1 0.8 0 0 0.6 0.6
Urban -22.8 -21.5 -16.3 -4.1 6.1 10.1 -12.2 -6.2 -22.8 -4.1 -22.8
OPs 5.0 5 5.0 5 5.0 5 3.0 5 5 5 5
T min Rural -22.8 -22.8 -19.3 —42 6.3 9.2 -12.3 -5.2 -22.8 —42 -22.8
OPs 6.0 6 7.0 6 7.0 9 9.0 9 6 6 6
Diff 0.0 13 3.0 02 -0.2 0.9 0.1 -1 0 -0.1 0

According to the data from lasi weather station of the National Meteorological Administration,
the mean annual air temperature of the analyzed period (December 2012-November 2019) is 0.3 °C
higher than the annual mean indicated by Sfica et al. [33] for December 2012 to November 2015 (10.9 °C)
and by 1.5 °C higher than the annual mean (9.7 °C) indicated by Alexe [32] for 1961-2010. This confirms
once more the previously discussed warming trend in the region.

In Iasi city, the annual mean relative humidity was 73.8% for the current analyzed period. The data
in Figure 2 show that the mean relative humidity above 73% is specific for the rural areas (74.7%,
Dancu OP; 75.3%, lasi weather station; Ciric OP, 75.9%; and Paun OP, 75.4%). Minimum values of
relative humidity instead can be observed in urban OPs (Racovita, 72.6%; Dacia, 72.1%; CHPP, 71.7%,
Museum, 71.7%; and University, 71.0%) as a direct effect of the higher air temperature within the UHIL

During the analyzed period, the mean monthly relative humidity values record higher values in
rural areas, with significant statistical differences comparatively with urban areas. These differences
are higher during summer (-4.2%) and smaller in winter (-2.6%) (Table 4). The absolute maximum
relative humidity of the analyzed interval exceeds 95% in the entire region, reaching the highest values
during the cold season. However, on a microclimatic scale, a consistent difference can be distinguished
between rural and urban areas. The data in Table 4 show that differences between urban and rural
areas (significant for all the analyzed intervals) for the mean and maximum relative humidity are
negative throughout the year, which is an indirect result of the higher air temperature imposed by the
UHI within the urban area. Analyzing the distribution of the minimum values of relative humidity,
it is observed that the absolute minimum values are specific for the rural area and this represents an
effect of the urban climate as well. Generally, the urban climate induces a higher amount of water
vapor during very dry periods originated from evapotranspiration within the green areas and other
humidity sources specific for the city. Even if within the territory of lasi city six man-made lakes were
created with a surface below 100 ha [51] they would not drastically influence the climate conditions
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over the city, as in other cities [52]. However, we can observe that the Ciric OP (Figure 2b), which is
located near a small lake, reached the maximum values of relative humidity in the region.

7400°E 27°300°F 27 279940 279380°F 27°40'0°E

A Observation points
(IDense build-up area

JAdministrative limit|l

730N

Rivers
- akes

Relative humidity %
<72

72-73

73- 74

74-75

75-76

[>76

Temperature °C
[w=<10.0

|=m70.0 - 10.5
{3105 - 11.0
[911.0 - 11.5
[mm11.5 - 12.0
(.>12.0

760N
7%60°N

4

T

T
27930'0°E 27°30'0°E

() (b)

Figure 2. Spatial distribution of the mean annual air temperature (a) and mean relative humidity (b) in
Tasi (December 2012-November 2019).

Table 4. Mean air relative humidity (RHmean, %), absolute maximum (RHmax, %), absolute minimum
(RHmin, %) and differences (Diff, %) between urban and rural areas at monthly and seasonal levels in
Tasi city (December 2012-November 2019). RHmax and RHmin extreme values are indicated monthly
with the corresponding OP (numbers from Figure 1) where they have been recorded. Statistical
significant differences for RHmean at p < 0.05 are indicated in bold italic.

. . . Cold Warm
Winter January Spring April Summer July  Autumn October Season  Season Annual

Urban 83.9 84.7 66.6 63.7 64.7 65.1 73.6 75.0 79.9 64.5 72.2

RHmean  Rural 86.4 87.0 69.4 66.3 68.9 69.5 76.9 78.5 82.5 68.3 75.4

Diff -2.6 -2.3 -2.8 -2.6 -4.2 -4.4 -3.3 -3.5 =27 -3.8 -3.2

Urban 98.9 98.9 97.2 96.6 97.1 97.1 98.5 98.1 98.9 97.1 98.9
OPs 2 2 2 2 5 5 2 5 2 5 2

RHmax  Rural 99.1 99 98.5 98.2 98.7 98 99 99 99.1 98.7 99.1
OPs 6 6 6 6 6 7 6 6 6 6 6

Diff -0.2 -0.1 -1.3 -1.6 -1.6 -0.9 -0.5 -0.9 -0.2 -1.6 -0.2

Urban 421 46.2 21.8 21.8 22 25.1 23.8 30.8 421 21.8 21.8
OPs 2 3 2 2 5 1 5 3 2 2 2

RHmin  Rural 38.9 421 19.6 19.6 20.1 25.3 22.1 26.3 38.9 19.6 19.6
OPs 9 9 9 9 9 9 9 9 9 9 9

Diff 32 4.1 22 22 1.9 -0.2 17 4.5 3.2 22 22

4.2. Thermo-Hygrometric Index (THI)

4.2.1. Annual Characteristics of THI

Considering the THI index, the most frequent bioclimatic class in urban and rural areas is the
“cold” class (Figures 3 and 4), which prevails along the entire cold season (from October to April)
and even during the night in late spring and early autumn (Figure 5). In urban areas the “cold” class
has an annual frequency of 45.9% (167.6 conventional days), almost 0.7% lower than in rural areas
(46.6%, 170 conventional days/year). The difference in the cold class frequency between the urban and
rural area is generated mainly by the UHI, but also by the effect of the thermal inversion phenomena,
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manifesting especially during the winter or cold season of the year, when the frequency of thermal
inversions during morning hours reaches 30% between Paun and Dacia OP [53]. This leads to lower
air temperatures along the valley of Bahlui river, while the inner parts of the city remain warmer as an
effect of the UHI. This effect is even more pronounced when we analyze the “very cold” and “extremely
cold” classes which gather more than 4.2 conventional days/year in the rural area than inside the urban
area (Figure 3). For the number of effective days the difference is even higher, reaching 10.1 effective
days (Figure 4a,b). When analyzing the two points considered as the most representative for urban
(Museum) and rural (Dancu) areas (Figure 3c,d and Figure 4c,d), the above differences are even more
pronounced (4.5 conventional days and 14.7 effective days).
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Figure 3. Mean annual frequency of THI classes expressed as conventional number of days in urban
(a) Museum representative point (¢) and rural (b) Dancu representative point (d) areas of Iasi.

Torrid

[0

Very Hot

Hot 142.0 days
Comfortable i B 195.6 days
Cool 137.6 days

Cold

Torrid | 0.0 days

18.4 days

by Rual

Very Hot
Hot 134.7 days
Comfortable e 192.9 days

Cool 138.1 days

| 238.1days Cold | 2410 days
Very cold Very cold | 487 days
Extremly cold .7 days
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Number of days with THI classes Number of days with THI classes
Torrid

B Museum

Very Hot

Hot 144.1 days
Comfortable @ 196.3 days
Cool

135.1 days
Cold -

| 2339days
Very cold
Extremly cold

100
Number of days with THI classes

150 200 250 300

Torrid

Very Hot
Hot
Comfortable
Cool

Cold

0.4 days

@ [Danc]

149.4 days
i 204.1 days

155.9 days

7 ' 257.6 days
Very cold
Extremly cold l .1 days

100
Number of days with THI classes

150 200 250 300

Figure 4. Mean annual frequency of THI classes expressed as effective number of days with at least 1 h
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(d) areas of Iasi.
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Figure 5. Monthly number of conventional days for THI main classes (a—f) and the differences between
urban and rural areas (g-1) in Iasi city.

The THI “extremely cold” class have very low frequencies, not exceeding 1% of the entire analyzed
interval. Even if the “extremely cold” index has a low annual frequency, the impact on the human
body is extremely high as bioclimatic discomfort. “Extremely cold” events are generated by strong
CWs during winter that generate high atmospheric stability and increase the frequency of thermal
inversion phenomena [33]. It is noticeable that under these conditions the frequency of “extremely
cold” intervals differs greatly between urban and rural areas. The “extremely cold” events are 0.31%
(1.1 conventional day/year and 2.8 effective days/year) higher in rural areas than inside the urban
area (Figures 3 and 4). The explanation for this difference is given by the manifestation of the UHI
during the cold periods of the year, or during the slightly colder mornings. For example, in January
the “very cold” class has a higher frequency (Figure 5) in rural areas (2200 to 0500 LT) compared to
urban areas.

The difference in percentage of the year where conditions are “cool” is small between rural and
urban areas. Furthermore, the “comfortable” classis characterized by a small difference (Figures 3 and 4)
between urban (76.9 conventional days/year) and rural areas (75.0 conventional days/year). It is to
be noticed that the corresponding mean annual frequency (cca. 20%) is smaller than in other cities
from central Europe such as Szeged [46] or in Turkey, such as Erzincan [54]. This smaller frequency of
comfortable conditions could be induced by a variety of influencing factors. Firstly, the smaller size of
the two cities could explain their higher comfortable conditions, but also the capacity of the Iasi UHI
to increase higher thermal stress during summer plays a role in reducing the comfortable conditions.
Secondly, Iasi city is placed in more extreme climate conditions exposed to both HWs and CWs [20].
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The UHI effect on bioclimatic conditions is very accurately expressed through the differences
highlighted by the “hot” and especially “very hot” classes of THI. In the urban area the “hot” class
exceeds by 6.1 conventional days(7.3 effective days) the values recorded in rural surroundings. The same
differences are to be observed in the case of the “very hot” class. Interestingly, for the number of
effective days in the Museum and Dancu OPs (Figure 4c,d) we can observe the higher frequency of
these classes in the rural area. The difference is caused by the higher exposure of the Dancu OPs to
solar radiation during the summer midday, while in the sheltered parts of the city center, where the
Museum OP is situated, the urban cold pool develops [33].

The “torrid” class has the lowest frequency, representing < 0.1 conventional days/year, restricted
to intervals with strong HWs.

4.2.2. Monthly Characteristics of THI

The “comfortable” class presents a warm season maximum from May to September, as shown
by both the conventional and effective number of days (Figures 5d and 6d). However, the comfort
conditions are more reduced during the middle part of the summer, especially during July and August.
The differences between urban and rural areas highlight the impact of the UHI on regional bioclimatic
conditions. While in April-May and September-October there is 1 conventional/effective day more in
urban area, during July and August there is 1 conventional/effective day less than in the rural area.
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Figure 6. Monthly number of effective days with at least 1 h within the THI main classes (a—f) and the
differences between urban and rural areas (g-1) for Iasi city.
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A similar bimodal monthly distribution can be observed for “cool” days, with more pronounced
shoulder-peaks for effective days, which underlines the fact that the number of hours within the cool
class is small per day but they occur in a large number of days (Figures 5c and 6¢). During spring and
autumn, the frequency of the “cool” index is slightly higher in the urban area, due to the sheltered
conditions generated by the urban canopy. In autumn, the inner city keeps more cold areas during
the day, which is reflected in the higher frequency of the “cool” index class (Figures 5i and 6i).

The “hot” and “very hot” THI classes present a clear summer peak for both conventional and
effective days. The differences between rural and urban areas are high for “hot” class, with 2 more
conventional days in July in the city center (Figure 5k). Instead, this difference is smaller when
analyzing the effective days in July and August (Figure 6k) due to the fact that in this period in urban
areas more important intervals shift to “very hot” conditions (Figure 61).

Obviously, the “cold” and “very cold” classes are common for winter (Figure 5a,b and Figure 6a,b).
It is to be noticed that the two classes have a complementary evolution, with January presenting a
lower frequency of “cold” class simply due to the higher frequency of “very cold” class during this
month. For December and January the UHI imposes less “extremely cold” conditions in the urban
areas. This confirms the fact that the urban climate has positive effects on the human bioclimatological
comfort during winter, for lasi city as well [9,47].

We must mention that all the differences between urban and rural areas regarding conventional
and effective number of days are not statistically significant at p-value < 0.05.

From May to the end of September, the highest monthly frequencies are given by the cool,
comfortable and hot classes. During this interval THI classes have a more dynamic distribution over
the study area. Therefore, the distribution of these three classes at the monthly level is presented in
Figure 7. From the spatial distribution of the three classes it can be observed how the UHI directly
impacts the spatial distribution of the comfort and discomfort threshold between urban and rural areas.

The spatial distribution of the number of conventional days within the “comfort” class is
significantly influenced by UHI, especially during summer months. In May and September, the UHI
increases the number of conventional days within the “comfort” class inside the city, while in July and
August the effect is opposite.

Furthermore, we can observe that from June to August the number of days with comfortable
conditions increases with altitude from less than 11 in along the valley of Bahlui river and 15 days over
the hills surrounding the city from the south. This is a typical distribution for a city situated in a hilly
region, as observed previously for Cluj-Napoca in northwestern Romania [31]. During the analyzed
interval, the distribution of the “hot” index is concentrated inside the urban area, outlining itself in a
distribution similar to that of UHI observed by Sfica et al., 2018 [33]. A similar spatial distribution is
observed for “hot class”, reaching 19 conventional days in July in the middle of the UHI and 10 days
over the hilly area in the rural areas.

4.2.3. Daily Characteristics of THI

At the hourly level, in urban and rural areas even if almost the same distribution of THI was
identified (Figure 8), the differences are very relevant for the impact of urban climate on the bioclimatic
conditions over the region. The “cold” class is common along the entire cold season (November-March
and November—December). In January instead, the “very cold” class is restricted to morning hours
(0600 to 0700 LT) in the urban areas, while in the rural surroundings it lasts from 2200 to 0700 LT.

April and October are dominated by “cold” conditions during the night and early morning and
“cool” conditions before midday (10 to 11 LT in April and 11 to 13 LT in October) and during the
evening hours (19 LT in April and 16 LT in October). Furthermore, in these months the warming effect
of the urban area during the evening hours can be easily observed (Figure 8). Actually, inside these
urban areas UHI converts the discomfort which is specific for rural areas in April and October into
more comfortable conditions, through a higher level of overheating.
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Figure 7. The distribution of number of conventional days with “cool”, “comfortable” and “hot” classes
from May to September in Iasi city.

The most complex evolution of bioclimatic conditions during the day occurs in May and September.
During these months, the nights are mostly cool and for a couple of hours even cold in the rural area.
Instead, during the afternoon hours (12-15 LT) “hot” class prevails, while the remaining morning and
evening hours the “comfortable” conditions are dominant.

Considering the hourly values of the THI during summer, it is noticeable that inside the urban area
the most pleasant period occurs during night time (after 2200 LT in June and after 2300 LT in July and
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August), while in the rural areas the comfort period starts earlier (after 2000 LT in June and August and
after 2100 LT in July). This is in line with other studies confirming that the major differences between
urban and rural areas are observed at night [6]. In these conditions it is obvious that the rural areas are
more comfortable than the inner city, where the UHI core intensifies until midnight [33,35]. On the
contrary, during the morning, the comfort interval is shifted by an hour in the rural area comparatively
to the inner city (Figure 5), due to the sheltering effect induced by the built-up area within the city.

Months/Obs. hours| 00 |01 |02 |03 {04 |05 (06 |07 (08 (09 (10 (11 (12 |13 (14 |15 |16 (17 |18 |19 |20 |21 |22 |23

January + |+ |+ [+ + |+ + |+
February

March
April qy || &r + |+
May + |+ |+ ar || ar

June

July

August

September + +
October + | + + |+

November

December

omfortable in rural areas

THI Categories Very cold I I Cold Cool .Comfortablc Hot and hot (+)/cool (-) in urban areas

Figure 8. The hourly mean prevalent THI class in rural areas and the differences (+/—) within the urban
areas of Iasi city.

4.3. Relative Strain Index (RSI)

Due to the fact that extremes of air temperature generated by HWs impose a high thermal stress
during summer, associated with short-term increases of daily mortality [15], some details have been
given on this intervals by analyzing RSI at hourly level for June—August. RSI values are not so
highly variable in space and time, but they highlight very well the potential area of risk caused by
overheating [10,55,56].

If the maximums recorded at noon exceed the RSI threshold (>0.40) it indicates overheating risk
for more than 50% of the human population [48]. Above that, the RSI threshold for physiological
failure is 0.50 for young people and 0.30 for older people or people with bad health conditions [10].

Thermal comfort, as expressed by RSI (<0.10), is specific throughout the summer season in lasi
city for the night and the early morning hours. It can also be observed (Figure 9) that longer periods of
time characterized by thermal discomfort are more specific for the urban area. In summer, the whole
region is characterized by a pronounced lack of comfort for more sensitive persons (0.10 < RSI < 0.20)
during 1000-1800 LT. The mean maximum values of hourly RSI are reached in August between 1300
and 1600 LT in urban area and restricted to 1300 and 1400 LT in rural area. This August maximum is
explained especially by more stable conditions and is associated with radiative income. This radiative
effect, specific for August, is seen also in the maximum values of RSI that increase rapidly during the
morning hours (0900-1000).

For the summer season (June to August), RSI series were determined at 3 h intervals, starting
from 0100 to 2200 LT, using quartiles of each day from the sub-series computed for the entire period
of 7 years. The differences from urban and rural areas for each quartile were tested for statistical
significance using a t-test. Except late night (0400 LT) and midday (1300 LT) hours, all the other
intervals present statistically significant differences at p-value < 0.05.

The RSI quartile analysis (Figure 10) shows that during the night hours, in urban and rural areas
of lasi city, thermal comfort is characteristic for the entire summer season. Inside urban areas, during
the morning hours, the shading effect induced by the buildings significantly reduces the radiative
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heating. Under these conditions, slight exceedances of RSI > 0.10 for the 3rd quartile in the rural area
occur from 0700 to 1000 LT.

mean RSI 00/01/02, 03/04(05[06 /07 0809 10|11 |12 13 |14|15|16|17 18|19 20|21 22|23
— | June + |+
E July + | +
= August +|+ +
maximum RSI | 00|01 /02 03|/04|05[06 /07 08|09 10|11 |12 13|14)15|16|17 |18 |19 20|21 22|23
— [ June + +|+ |+
;5‘ ]uly + |+ +
August + |+ +|+| +
Legend <0.10 RSI 0.10 to 0.20 RSI 0.20 to 0.30 RSI 0.30 to 0.40 RSI >0.40 RSI
Comfortable in rural areas and hot (+)/cool (-) in urban areas

Figure 9. Hourly RSI mean and maximum values during summer (June-August) in rural areas of
Iasi city and the difference imposed by the urban areas (+/— represents one class higher/lower in
urban-areas).
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Figure 10. Summer RSI quartiles series at 0100 LT, 0400 LT, 0700 LT, 1000 LT, 1300 LT, 1600 LT, 1900 LT
and 2200 LT for urban and rural areas in Iasi city.
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During the afternoon, the frequency of bioclimatic stress becomes higher with more than 80% of
days showing conditions of discomfort, especially from the end of July until mid-August, as shown also
by the quartile analysis (Figure 10). In fact, the highest frequency of thermal discomfort is extended
from the second half of July to mid-August. During this interval, in the afternoon (1600 LT), over 50%
(2nd quartile) of cases have RSI > 0.20 (Figure 10).

5. Conclusions

The current study represents the first extensive bioclimatic study of lasi city, an important
developing city in northeastern Romania.

As a general bioclimatic feature, we highlighted that Iasi city is characterized by a small frequency
of bioclimatic comfort as shown by THI, as an effect of the dynamic exposure of the region to both
HWs and CWs. Additionally, the urban area of lasi city significantly modifies the air temperature and
the relative humidity within the climate of the region and consequently the bioclimatic conditions.
Overall, the most favorable conditions in terms of human comfort inside the city areas occur during
the months of April-May and September—October.

During the summer months the region is characterized by unpleasant bioclimatic conditions
during daytime, the negative impact on human population being more pronounced in the urban
area. This represents the effect of strong heating, frequent heat wave occurrence and the intensity and
persistence of UHI during the summer. Therefore, the UHI induces the persistence of the thermal
discomfort until midnight, representing one of the major impacts of the urban area on the bioclimatic
conditions in the region. In the same time, the rural areas are considerably more comfortable. On the
contrary, the inner city is slightly more comfortable during winter, especially due to higher minimum
air temperature recorded here as an effect of UHI.

It should be emphasized that from a methodological point of view, RSI creates a better image of
summer diurnal conditions that involve thermal comfort/discomfort. This index indicates that the
highest thermal discomfort is reached during the day in the afternoon hours (1600 LT) between 25 July
and 15 August.

Future work will focus on the analysis of some other bioclimatic indices, which have the capacity
to depict better the parameters of human energy balance.
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