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Abstract Outdoor thermal comfort (OTC) s critical for public health, labor productivity, and human life.
Growing extreme heat events caused by climate change have a serious impact on OTCs, especially in urban
areas. Quantitatively characterizing and evaluating the spatiotemporal changes in OTCs are essential, and
more applications are needed in urban agglomerations. Therefore, taking the Beijing-Tianjin-Hebei (BTH)
urban agglomeration as the study area, this study aimed to quantitatively assess the summer regional OTC from
1981 to 2020. First, the Universal Thermal Climate Index (UTCI) was used as the indicator of daily thermal
stress, and then a Composite Thermal Comfort Score was proposed to evaluate the long-term, summertime,
regional OTC considering the extent, duration, and intensity of daytime and nighttime thermal stress. The
results showed that (a) the increase in UTCI (0.32°C/10a at daytime and 0.21°C/10a at nighttime) and heat
stress frequency (0.88 at daytime and 0.39 d/10a at nighttime) were manifested over BTH, indicating a worse
OTC. Spatial and temporal heterogeneity was also demonstrated. (b) The general OTC showed a decreasing
north-south gradient pattern. At daytime, the northern mountainous zone presented the best OTC, the southern
plain zone, especially Hengshui, Langfang, and Cangzhou, showed the worst. At nighttime, the mountain-plain
transition zone showed the best OTC, the northern mountainous zone showed the worst since more cold

stress occurred. Our findings will be useful in informing climate change adaptation strategies to ensure urban
resilience as extreme heat increases in the context of climate change.

Plain Language Summary Outdoor thermal comfort (OTC) in urban areas is getting worse

since more extreme heat events occurred. Here, we developed a Composite Thermal Comfort Score, which
considering the extent, duration, and intensity of thermal stress assessed by the Universal Thermal Climate
Index (UTCI), to evaluate long-term, summertime, regional OTC in the Beijing-Tianjin-Hebei (BTH) urban
agglomeration in summer from 1981 to 2020. We found that BTH showed increasing UTCI and growing heat
stress frequency both at daytime and nighttime, with spatial and temporal heterogeneity, indicating the worse
OTC performance. The general OTC in BTH showed a decreasing north-south gradient pattern. At daytime, the
northern mountainous zone showed the best OTC, and the southern plain zone shows the worst. At night, the
mountain-plain transition zone shows the best OTC, and the northern mountainous zone shows the worst. This
work illustrates a general spatiotemporal pattern of the OTC at the urban agglomeration scale.

1. Introduction

Outdoor thermal comfort (OTC), indicating the bioclimatic condition where the human organism can maintain its
thermal balance best in such situations without facing an energy shortage or energy surplus (Adrian et al., 2008).
It is an essential parameter to assess the quality of the regional bioclimate and provide guidelines for sustain-
ability. OTC could be evaluated by the thermal stress levels, and the heat stress levels are more decisive for
summertime OTC. While extreme heat stress (EHS) is getting more frequent and intensive under climate change
(Dosio et al., 2018; Ma et al., 2020; Park & Jeong, 2022; Perkins-Kirkpatrick & Lewis, 2020; Shen et al., 2018).
Some regions will suffer more frequent, intensive, and longer extreme heat during summer (Bian et al., 2022;
Dosio, 2017; Q. Li et al., 2022; Tomczyk & Owczarek, 2020; Y. Zhang et al., 2022). Changes were particularly
evident in the last decade, which has been declared the warmest decade since the preindustrial era, and globally,
the air temperature increased by approximately 1.09°C on average in 2011-2020 compared to 1850-1900 and
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is projected to continue to increase during the 21st century (Arias et al., 2021). Kang and Eltahir reported that
the North China Plain is likely to be unsuitable for working outdoors due to more deadly heatwaves (Kang &
Eltahir, 2018). It is accompanied by a severe impact on summertime OTC (Coccolo et al., 2016).

The summertime OTC is deteriorating in many parts of the world according to projection, and pose great threats
on outdoor working efficiency (Burke et al., 2015), tourism (Sahabi Abed & Matzarakis, 2018), and human
health (Kuchcik, 2017). Koteswara Rao et al. (2020) projected a 30%—40% decline in the work performed in
India by the end of the century due to elevated heat stress levels. A study of the Zayandehroud River route from
2014 to 2039 showed that some tourism destinations in the western part of the river are at risk of a reduction in
the number of climate comfort days under the increasing climate comfort index (Yazdanpanah et al., 2016). A
projection in China found that the heat-related excess mortality would increase from 1.9% in the 2010s to 2.4% in
the 2030s and 5.5% in the 2090s under RCP8.5, and people with cardiorespiratory diseases, females, the elderly,
and those with low educational attainment could be more affected (Yang et al., 2021). These findings pose great
challenges to country policy-makers in designing safety mechanisms and protecting people working under contin-
uous extreme hot weather conditions.

In areas with increasing population and economic density, and in which a larger amount of heat accumulates due to
various anthropogenic factors, cities, and urban agglomerations are prone to the emergence of heat-related hazards
(Geleti€ et al., 2020; J. Wang et al., 2021; Yao et al., 2022). For example, the heat island effect makes bioclimatic
conditions more unfavorable in urban areas (Chen et al., 2020; Hou et al., 2021; Zhao et al., 2022). That is why
the issue of summertime OTC in urban areas has become the subject of numerous studies (Milovanovié, 2020). In
addition, the effects of urbanization on nighttime temperature are more significant than that on daytime (Y. Sun
et al., 2019; Zhou et al., 2004). Shi et al. (2021) found increased occurrence and severity of nighttime heat waves
across China since 1980, and urbanization accounted for nearly 50% of the extended duration and nearly 40% of
the enhanced intensity and frequency of nighttime heat waves in urban areas relative to rural areas. Consequently,
more adverse effects of hot days may be aggravated by subsequent hot nights in urban areas. For instance, hot
nights may be detrimental for restorative sleep following heat stress during daytime. Besides, the night economy
is growing prosperous in urban areas in China, and people's nighttime outdoor activities are getting richer, espe-
cially in summer. People prefer to go out for entertainment or eat midnight snack at night, and some workers
and farmers also try to work at night to avoid daytime heat. Sports enthusiast will even take midnight running in
summer. Therefore, considering more adverse impacts on human health, the nighttime OTC that take into account
nighttime relief needs more attention (Ma & Yuan, 2021; Shi et al., 2021; Wu et al., 2021).

Various indices have been proposed to evaluate the thermal stress levels. More than 100 simple thermal indicators
have been developed over the last 150 years, and most of them are two-parameter indices. Such indices usually
consist of air temperature and humidity combinations for warm conditions. For cold conditions, the combination
typically consists of air temperature combined with airspeed (Jendritzky et al., 2012). Although simple indices
are easy to calculate and forecast (Koppe et al., 2004), their results are often not comparable and have obvious
regional limitations (Jendritzky et al., 2012). Since 1960, with the development of heat budget models (Gagge
et al., 1986; Stolwijk, 1971), more comprehensive indices have been proposed, such as physiologically equivalent
temperature (Mayer & Hoppe, 1987), standard effective temperature (Gonzalez et al., 1974), predicted heat strain
(ISO, 2004), and predicted mean vote (Fanger, 1970). These indices can, in principle, be appropriate for appli-
cation in any assessment of the thermal environment. However, neither researchers nor end-users regard them
as a fundamental standard, which may be related to the persistent shortcomings of thermal physiology and heat
exchange theory (Jendritzky et al., 2012).

Since these indicators yet comprehensively consider bioclimatic conditions on human health, an integrated index
including relevant meteorological parameters, such as air humidity, wind speed, and surface radiation, is needed
(Jendritzky et al., 2008). An international committee was appointed to solve this problem, and the Universal
Thermal Climate Index (UTCI) was developed based on long-term research (Jendritzky et al., 2002, 2012).
UTCI is considered an indicator of organism thermal stress, which can objectively assess the impact of biocli-
matic conditions on human organisms and compare research results in different climate regions (Blazejczyk
et al., 2010). Since then, verifications and comparisons of UTCI have been carried out continuously, which has
further verified the universal adaptability and superiority of UTCI (Asghari et al., 2019; Btazejczyk et al., 2014;
Mohammadi et al., 2018; Zare et al., 2019). Compared to the present indicators, the UTCI represents specific
climates, weather, and locations much better and preferably depicts the temporal variability of thermal conditions.

HUANG ET AL.

2 0f22



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

GeoHealth 10.1029/2022GH000725

Furthermore, similar to the human body, the UTCI is very sensitive to changes in ambient stimuli, and its scale
can express subtle differences in the intensity of meteorological stimuli (Blazejczyk et al., 2011).

Numerous studies that assessed the OTC based on thermal stress levels using the UTCI have been conducted in
the past decade. Short-term OTC were widely assessed by UTCI. Brode et al. (2012) defined optimal thermal
comfort ranges for passers-by in pedestrian streets in southern Brazil, and suggesting that UTCI can serve as
a suitable planning tool for urban thermal comfort in subtropical regions. J. Li et al. (2018) carried out a test
including a physical measurement using UTCI and a questionnaire survey for OTC in Hong Kong in 2016, and
found that the probability of these the desirability of sun and wind conditions for subjects fitted well with the
UTCI in logistic regressions. Assessments were also carried out in Russia (Vinogradova, 2020), Algeria (Talhi
et al., 2020), Iran (Asghari et al., 2019; Baaghideh et al., 2016; Mohammadi et al., 2018), and several European
countries, such as Poland (Btazejczyk et al., 2014; Okoniewska, 2020) and Serbia (Milovanovié, 2020; Pecelj
et al., 2020). To the best of our knowledge, there is still a lack of a method to evaluate the regional OTC that
considers long-term bioclimatic conditions based on the UTCI assessment.

The applications of UTCI and the assessment of OTC still face some problems. While past studies focused on
either the national scale or the fine scale (e.g., urban streets), there are few UTCI distribution maps at regional
scales, such as urban agglomerations. In addition, UTCI characterizes thermal stress in humans caused by ambi-
ent conditions, but several researchers use UTCI directly for OTC assessment, which may be unsuitable and
inconvenient for long-term analysis and regional comparisons (Blazejczyk, 2021). In addition, evaluating the
regional OTC should also consider the intensity, duration, and extent of thermal stress, which is similar to assess-
ing heatwave events.

Therefore, this study focused on the summertime OTC in urban agglomerations and selected China's Beijing-Tian-
jin-Hebei (BTH) urban agglomeration as the study area. To describe the long-term OTCs of regions and better
for comparisons, a summarized score, the Composite Thermal Comfort Score (CTCS), was proposed. CTCS
takes into account the extent, duration, and intensity of the thermal stress assessed by the UTCI, which could
comprehensively evaluate the OTC of cities. Furthermore, considering the increasing heat island effect and night-
time heatwaves, both daytime UTCI and nighttime UTCI were used to analyze and assess OTC at day and night
during the past 40 years (1981-2020), respectively. This study revealed the spatiotemporal pattern and trend of
the UTCI, frequencies of each thermal stress level, and OTC of cities in BTH.

2. Materials and Methods
2.1. Study Area

BTH is located in North China (Figure 1), including Beijing municipality (the capital and second-largest city of
China), Tianjin municipality, and Hebei province. It borders the Yanshan Mountain in the north, North China
Plain in the south, Taihang Mountain in the west, and Bohai Bay in the east. The structure of the Yanshan-Taihang
mountain system from northwest to southeast gradually transitions into a plain, showing topographic characteris-
tics of high in the northwest and low in the southeast. Consequently, BTH can be divided into three parts for anal-
ysis: the northern mountainous zone (Zhangjiakou and Chengde), the mountain-plain transition zone (Beijing,
Tangshan, and Qinhuangdao), and the southern plain zone (Shijiazhuang, Xingtai, Handan, Baoding, Langfang,
Cangzhou, and Hengshui).

As one of China's three vast urban agglomerations, BTH has experienced rapid urbanization and a high concen-
tration of population and economy. The gross domestic product of BTH in 2020 totaled 8.5 trillion-yuan, account-
ing for 8.5% of the country. Additionally, it has become one of the vital population inflow places in China due to
its superior economic conditions and employment environment. From 2008 to 2018, the population increments
of BTH were 3.832, 3.836, and 5.673 million, respectively, and the population growth rates were 20.6%, 31.2%,
and 8.1%, respectively (Chen, 2019).

Since the 1960s, the average annual temperature in the BTH has shown a significant increasing trend, and the
warming rate varies, generally ranging from 0.29°C/10a to 0.34°C/10a (Qin et al., 2021; Si et al., 2021; Zhe
et al., 2020), which is higher than the national average in the same period. The climate warming is even acceler-
ating after the 1990s (P. F. Li et al., 2015; W. J. Zhang et al., 2021). Meanwhile, previous studies also have shown
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Figure 1. Location of the Beijing-Tianjin-Hebei urban agglomeration.

that the UHI intensity in the BTH is increasing significantly at a rate of 1.0°C/10a, and the spatial extent is rapidly
increasing, expanding and connecting, gradually forming a large UHI agglomeration area (Liu et al., 2020).

2.2. The Research Framework

Figure 2 presents the framework of this study, ranging from the grid to the region. Meteorological variables for
UTCI calculation were first derived from ERAS5_Land and ERAS data sets. After data preprocessing (Section 2.3),
a high-spatial-resolution data set of daily UTCI in the summer from 1981 to 2020 was obtained using the UTCI

Air Temperature, Ta < ERA5_Land ERA5
Wind Speed, Va « houry [ 01°x01° hourly 0.25° x 0.25°
Vapor Pressure, vp N I
Mean Radiant Temperature, Tmrt
Resample
UTCI Model @ Radiation Variables
Grid uTcCl Thermal Stress CTCS
2 daily daily annual
L daytime nighttime daytime nighttime all-day [ daytime | nighttime
Cities § Summer| June | July | August Summer| June | July | August Summer| June | July \ August
§ Annual mean values Annual frequency Annual values
Q
S
BTH Annual trend Annual trend Changes and clusters

Figure 2. The framework of the study.
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"szritb?es From ERAS5-Land and ERAS for Universal Thermal Climate Index

Variable Description Units  Source data set
T, The air temperature at 2 m above the ground K ERAS-Land
Tu Dewpoint temperature at 2 m above the ground K ERAS-Land

u Eastward component of the 10 m wind ms~!  ERAS5-Land

v Northward component of the 10 m wind ms~! ERA5-Land
ssrd Surface solar radiation downward: the amount of shortwave radiation that reaches I m=  ERAS5-Land

a horizontal plane at the surface

SST Surface net solar radiation: the amount of shortwave radiation that reaches a Jm=2 ERAS5-Land
horizontal plane at the surface minus the amount reflected at the surface

strd Surface thermal radiation downward: the amount of longwave radiation emitted Jm=2 ERAS5-Land
by the atmosphere and clouds that reaches a horizontal plane at the surface

str Surface net thermal radiation: the difference between downward and upward Jm=2 ERAS5-Land
longwave radiation passing through a horizontal plane at the surface

fdir Direct solar radiation at the surface: the amount of direct shortwave radiation Jm=2 ERAS
passing through a horizontal plane at the Earth's surface

model (Section 2.4). Then, based on the UTCI assessment scale (Section 2.5), the UTCI values are categorized
into 10 levels of thermal stress, from extreme cold stress (ECS) to EHS. Finally, the CTCS of each city was
calculated according to the regional-averaged frequencies of thermal stress categories over years. Since the CTCS
integrate the frequencies of each thermal stress levels across the region within a period of time, it could compre-
hensively reflect the intensity, duration, and extent of thermal stress (Section 2.6).

The annual mean values and trend of UTCI, the annual frequency and trend of thermal stress categories, and the
annual values and changes of CTCS in regions were analyzed (Section 2.7). In the temporal dimension, the daily
UTCI includes two indicators of daytime and nighttime. The annual UTCI was averaged by daily UTCI in every
summer and its corresponding 3 months (June—August), and then the trend of annual UTCI was analyzed. The
process of thermal stress and CTCS series are similar to the UTCI series, while the CTCS was obtained on annual
scale and contain three indicators of daytime, nighttime, and all-day. In the spatial dimension, the grid scale was
first obtained and the regional scale (city and BTH) data was calculated based on grid data using zoning statistics
(mean) through the administrative boundaries of regions.

2.3. Data and Preprocessing

The details of the variables used for UTCI calculation in this study are shown in Table 1. A set of meteorolog-
ical data, including air temperature and humidity, wind speed, and shortwave and longwave radiation fluxes,
are derived from the ERAS (Hersbach et al., 2018) and ERAS5-Land (Mufioz Sabater, 2019) data sets since they
provide complete high-resolution meteorological variables for UTCI calculation (Di Napoli, Barnard, et al., 2020;
Di Napoli, Hogan, & Pappenberger, 2020). These gridded data sets have been applied to compute the UTCI at
global and regional scales and verified its effects in China (Yan et al., 2021). Hourly meteorological variables
were retrieved from ERAS5-Land, except for the direct solar radiation (fdir), which is available only in ERAS
with a coarser resolution. fdir is resampled from 0.25° resolution to 0.1° using nearest-neighbor interpolation to
match the other variables. Furthermore, the accumulated radiation values (J m~2, as in Table 1) in the original
ERAS5-Land and ERAS datasets are transformed to hourly values (ECMWFEF, 2019; Mufioz Sabater, 2019).

2.4. UTCI Model

UTCI is defined as the “equivalent temperature for a given combination of wind speed, radiation, humidity,
and air temperature as the air temperature of the reference environment which produces the same strain index
value” (Jendritzky et al., 2012). It is based on an advanced human thermal balance model, that is, the UTCI-Fiala
multinode model (Fiala et al., 2012), coupled with the adaptive clothing model (Havenith et al., 2012). This study
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calculated the hourly deviation of the mean radiant temperature (Tmrt) and UTCI from 1981 to 2020 in BTH
based on the ERA5-Land and ERAS reanalysis products according to the proposed approach by Yan et al. (2021).

The offsets of UTCI to air temperature (T,, K) are approximated by a polynomial in T,, wind speed (V,, m/s),
humidity expressed as water vapor pressure (vp, hPa), and the difference between Tmrt and T, including all the
main effect and interaction terms up to the 6-order (Jendritzky et al., 2008). This process can be expressed as the
following function (Equation 1):

UTCI = f(Ty, Vi, vp, Tmrt) = Ta + Offset(T,, V,, vp, Tmrt — T,) ¢))
The V, can be calculated from eastward component ¢ and northward component v as follows:
Vo= Vu2+1? )
The vp is calculated from dewpoint temperature T, as follows:

vp = 6.11 X &5417.753%(1/273.16-1/T;) 3)
Tmrt is the critical component of UTCI, defined as “the temperature of an imaginary isothermal black enclosure
in which a solid body or occupant would exchange the same amount of heat by radiation as in the actual nonu-
niform enclosure” (Gonzalez et al., 1974). The value is shaped by streams of shortwave and longwave radiation
reaching the body. The calculation of Tmrt is often complex and requires several procedures (Blazejczyk, 2001;
Di Napoli, Barnard, et al., 2020; Di Napoli, Hogan, & Pappenberger, 2020; Matzarakis et al., 2007; Thorsson
et al., 2007). A widely accepted method to calculate Tmrt for the outdoor environment was given (Equation 4)
by Weihs et al. (2012).

Tmrt = i/% X [ﬂ X (fp X Isw + fo X Dsw + fo X Row) + fo X (Diw + U)| —273.5 “)

€p

where o is the Stefan Boltzmann constant (5.67 X 1078 W m~2 K=), ay is the absorption coefficient of the typical
human body for shortwave radiation (standard value 0.7), and ¢, is the emissivity coefficient of the human body
(standard value 0.97), f, is the solid angles and set to 0.5, f, is the projected area factor, which accounts for the
directional dependence and is a function of the solar zenith angle (Equation 5) (Jendritzky et al., 1990; Leroyer
et al., 2018). I, Dsw, Rsw, Div, and Uy, are the anisotropic incident direct shortwave radiation flux, isotropic
diffuse shortwave radiation flux, the surface reflected shortwave radiation flux, downwelling longwave radiation
fluxes, and upwelling longwave radiation fluxes, respectively, all expressed in W m~2 and were calculated from
the accumulated radiation values in the original data set, as shown in Equations 6—10 (Yan et al., 2021).

(90— @9)2

7, =0.308 x cos (%—O)X -t ©)
Iy, = fdir/cos 6/3600 6)

Dyy = (ssrd—fdir) /3600 @)

Ry = (ssrd — ssr)/3600 ®)

Dy, = (strd—str)/3600 ©)]

Uy = strd/3600 (10)

where 0 is the solar zenith angle (in radians), the cosine of # can be calculated following as Equation 11
(Woan, 2000):

cos @ = sinésin @ + cos 6 cos g cos h (11
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Table 2
Thermal Stress Categories and Corresponding Protection Measures
UTCI (°C) Stress categories (Btazejczyk et al., 2013) Protection measures (Krzyzewska et al., 2020)
<—40 Extreme cold stress (ECS) Stay indoors or use heavy and wind-protected clothing
—40~-27 Very strong cold stress (VSCS) Strongly increase activity, protect face and extremities; use better-insulated
clothing and reduce stay outdoor
—27~-13 Strong cold stress (SCS) Strongly increase activity, protect face and extremities; use better-insulated
clothing
—13~0 Moderate cold stress (MCS) Increase activity, and protect extremities and face against cooling
0~9 Slight cold stress (SICS) Use gloves and caps
9~26 No thermal stress (NTS) Physiological thermoregulation sufficient to keep comfort
26~32 Moderate heat stress (MHS) Drinking >0.25 L-h~! necessary
32~38 Strong heat stress (SHS) Drinking >0.25 L-h~! necessary. Use shade places and reduce activity
38~46 Very strong heat stress (VSHS) Periodical use of air conditioning or shaded sites and drinking >0.5 L-h~!
necessary; reduce activity
>46 Extreme heat stress (EHS) Periodical cooling and drinking >0.5 L-h~! necessary; stay without
activity

where @ is the geographical latitude, § is the solar declination angle as a function of a given date of the year
and h is the hour angle in local solar time. The latter two parameters, that is, 6 and A, are calculated following
Spencer (1971) and NOAA (NOAA, 1997).

2.5. UTCI Assessment Scale

The daily maximum and minimum values of UTCI were selected as daytime UTCI and nighttime UTCI, respec-
tively. The UTCI values were categorized in terms of thermal stress levels and corresponding protection meas-
ures, as Table 2 provides. The UTCI assessment scale were proposed when UTCI model developed publicly. It
looks at responses to reference conditions and deducts the thermal load (i.e., the heat or cold stress) caused by
the organism's physiological response to actual environmental conditions (Blazejczyk et al., 2013). It shows an
asymmetric distribution with more categories on the cold side, which may partly reflect the sensitivity of the
UTCI model to wind speed (Brode et al., 2012).

Meanwhile, based on the UTCI assessment scale, previous studies had demonstrated the potential of UTCI as a
bioclimatic index that is able to both capture the thermal bioclimatic variability, and related health risk on human.
Di Napoli et al. (2018) revealed that the relationship between the UTCI and death counts depends on the regional
bioclimate in 17 European countries, and death counts increase in conditions of moderate stress and strong stress.
A long-term, multi-city study in Poland also found that the relative risk (RR) of death rose by 10%—20% in most
of the cities in strong stress conditions, and RR rose to 25%-30% in central Poland in very strong stress conditions
(Kuchcik, 2020). Hence, this study used the UTCI assessment scale to categorize thermal stress level based on the
daytime and nighttime UTCI to capture the regional bioclimatic variability and related health risk.

2.6. Composite Thermal Comfort Score (CTCS) Model

OTC refers to bioclimatic conditions suitable for most people. While UTCI is applicable to characterize thermal
stress in humans caused by ambient conditions, it can only give instructions for a particular time and place. To
assess the overall OTC of a region over time and compare the OTC performance between regions, a sophisticated
score is needed to integrate the thermal stress that is characterized by the UTCI in each period for an area.

Therefore, this study proposed a CTCS as the integrated assessment of regional OTCs. Due to limited studies on
the comfort scale definition using UTCI, we refer to the categories and scoring of the comfort of human body
index (ICHB). This method is defined by the China Meteorological Administration and widely used in studies
in China (Lei et al., 2020; G. Sun et al., 2011). As shown in Table 3, each stress category was first mapped to a
comfort weight. No thermal stress (NTS) was mapped to 1 since it is regarded as the condition of comfort, and
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Table 3

Comfort Weights of Stress Categories for Outdoor Thermal Comfort

ID

Stress categories

Comfort weights

0

—_

O 00 N O W kB~ W N

Extreme cold stress (ECS) —4
Very strong cold stress (VSCS) -3
Strong cold stress (SCS) -2
Moderate cold stress (MCS) -1
Slight cold stress (SICS) 0
No thermal stress (NTS) 1
Moderate heat stress (MHS) -1
Strong heat stress (SHS) -2
Very strong heat stress (VSHS) =3}
Extreme heat stress (EHS) -4

heat/cold stress categories from moderate level to extreme level were mapped
from —1 to —4. The one extra category with slight cold stress (SICS) was
mapped to 0.

Then, the CTCS could be defined as the weighted frequencies of stress
categories occurring over a period and averaged in a region, as shown in
Equation 12.

CTCS =

Z:‘:l Z?:()(qij X wj) (12)
n

where n is the total number of grids in a region (i.e., the grid number in BTH
is 2211), i is the ith grid in the region, j is the ID of thermal stress categories,
qi; refers to the frequency of thermal stress j occurring in grid i over a period,
and w) refers to the comfort scale regarding the thermal stress category j.

Since the stress categories evaluate the intensity of thermal stress, the
frequencies of stress categories consider the duration of thermal stress, and
the regional averages reflect the extent of thermal stress. The CTCS could
well evaluate regional OTC by integrating the intensity, duration, and extent
of thermal stress.

In this study, based on the calculated daytime UTCI and nighttime UTCI, the annual occurrence percentage of

thermal stress categories at the grid scale were first evaluated, and then the daytime CTCS and nighttime CTCS
could be calculated from 1981 to 2020 using Equation 12 proposed above. Additionally, all-day CTCS could be
defined as the sum of daytime CTCS and nighttime CTCS, referring to the overall OTC condition in the whole

day, as shown in Equation 13.

CTCSall-day = CTCSdaylime + CTCSnighllime (13)

To assess and compare the overall comfortable conditions across the cities in BTH cities should be classified
into several groups based on values and variations of the annual daytime, nighttime, and all-day CTCS series. To
make the classification more reliable, a cluster analysis of the annual CTCS series was first derived to identified
the groups of cities with similar CTCS both in values and variations. The K-Means clustering method and the
Dynamic Time Warping distance were used to calculate the distances between time series since it better consid-
ered and measured the similarity of time series (Miiller, 2007). Cities would be classified into the four groups
in order of averaged CTCS from high to low using Natural Breaks method in ArcGIS, representing the relative

comfortable conditions from comfortable to uncomfortable in BTH compared to the other cities.

It is worth noting that compared with the UTCI as a thermal indicator based on the human thermal balance model

that characterizes thermal stress, CTCS is better described as a comprehensive, summarized score for regional

OTC that takes into account the extent, duration, and intensity of daily thermal stress cross an extended period.

Hence, UTCI could be used to describe the local bioclimatic conditions, and the CTCS needs to consider the

spatiotemporal scale before comparison and analysis since their principle of them are different.

2.7. Time-Series Analysis Method

The annual trends of UTCI and thermal stress frequencies of BTH and cities were analyzed by the Mann—Kendall
(Kendall, 1975; Mann, 1945) and the Sen's slope (Sen, 1968) tests. They have the advantage of not require any
special form of assumptions on the data distribution functions, while having powers almost as high as their para-

metric competitors, and they were highly recommended by the World Meteorological Organization (Mourato

et al., 2010; Nalley et al., 2013).

In addition, considering that the annual thermal stress frequencies are “compositional,” that is, they sum up to

100%, and are thus inherently negatively correlated (i.e., an increase in one category has to be accompanied by

a decrease in other categories). Hence, we assign one category (e.g., moderate heat stress [MHS]/NTS) as refer-

ence, and to consider the ratios of other thermal stress to the reference, and how they change over time. Since

the reference could not be zero, for daytime series, we selected MHS category as reference, and selected NTS
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Figure 3. Maps of the averaged (a) daytime Universal Thermal Climate Index (UTCI) and (b) nighttime UTCI in Beijing-Tianjin-Hebei.

category as reference for nighttime series. The trends of ratios were also analyzed by the Mann—Kendall and the
Sen's slope tests.

3. Results

During the investigated period (1981-2020), we first analyzed the spatiotemporal patterns and changes in UTCI
and thermal stress for the overall BTH. Then, comparisons and discussions of UTCI and thermal stress at the city
scale were carried out. Finally, the overall conditions and changes in OTC for cities in BTH were evaluated using
the proposed CTCS model.

3.1. UTCI and Thermal Stress in the BTH

Figure 3 shows the averaged UTCI maps in summer, June—August during daytime (Figure 3a) and nighttime
(Figure 3b) over BTH. The spatial pattern of the UTCI distinctly showed a general gradient from north to south
and from high altitude to low altitude. Consequently, BTH can be divided into three parts: the northern mountain-
ous zone (Zhangjiakou and Chengde), the mountain-plain transition zone (Beijing, Tangshan, and Qinhuangdao),
and the southern plain zone (Shijiazhuang, Xingtai, Handan, Baoding, Langfang, Cangzhou, and Hengshui).

For the daytime, the averaged UTCI in BTH in summer is 32°C and that in July is up to 33°C (reaching the
strong heat stress [SHS]). Most areas in BTH suffer heat stress, with averaged UTCIs larger than 26°C, except for
small parts in the northern mountainous zone. The averaged UTCIs of the mountain-plain transition zone range
from 26°C to 38°C. However, the southern plain zone totally experiences SHS in summer, with averaged UTCIs
greater than 32°C. July is when the area of the averaged UTCI is more than 36°C and expands significantly. The
spatial pattern of the averaged nighttime UTCI in BTH is similar to that during the daytime, yet the intensities are
not. The averaged nighttime UTCI is 16°C in summer and down to 13°C (reaching the NTS) in June. All aver-
aged nighttime UTClISs are between 9°C and 26°C, which are much lower and indicate that BTH has NTS on the
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Figure 4. Temporal changes in the annual mean (a) daytime Universal Thermal Climate Index (UTCI) and (b) nighttime UTCI in Beijing-Tianjin-Hebei.

summer nights on average. However, it should be noted that the averaged nighttime UTClISs in the southern plain
zone primarily range between 24°C and 26°C in July, reaching the boundary of the MHS.

Figure 4 presents the temporal change and trend of the annual mean daytime UTCI and nighttime UTCI in
summer, June—August in BTH. The red lines indicate the trend of the annual mean UTCI. The daytime UTCI
in summer shows a rising fluctuation trend with an increasing rate of 0.32°C/10a. The increasing rates in June
(0.45°C/10a) and July (0.36°C/10a) are significantly higher than those in August (0.22°C/10a). The nighttime
UTCI also shows an increasing trend with a rate of 0.21°C/10a. June has the greatest nighttime warming trend,
with an increasing rate of 0.39°C/10a.

Figure 5 depicts the averaged occurrence percentage of thermal stress categories during daytime and nighttime in
BTH. Obviously, during the day, the BTH experiences more MHS (36%) and SHS (42%) conditions in summer.
In addition, very strong heat stress (VSHS) (10%) conditions are also frequent, especially in July (14%). In
contrast, NTS conditions are prevalent (85%) at night. Cold stress (1% in moderate cold stress [MCS] and 11%
in SICS) even occurred more frequently than heat stress (3% in MHS), especially in June (20% cold stress and
no heat stress).

Figure 6 shows the annual trend of thermal stress categories during daytime and nighttime in summer, June—
August in BTH. At summer daytime, although days in MHS decreased by 1.31 d/10a, VSHS and SHS days signif-
icantly increased by 0.64 and 1.56 d/10a, and on the whole heat stress days increased by 0.88 d/10a, indicating
more frequency and intensity of heat stress in BTH in recent years. At nighttime, cold stress days decreased, and
NTS and MHS days increased in summer (0.21 and 0.39 d/10a, respectively). From the view of months, more
NTS days in June increase significantly by 0.49 d/10a, indicating that the bioclimatic conditions are becoming

Daytime Nighttime
Summer 1 12% 36% ~L11°n 85% 3%
1%
Jun{ 17% 40% W % 80%
2%
Jul 7% 31% 16% 89% 5%
Aug 1 11% 37% 1 10% 86% 3%
0% 20%  40%  60%  80%  100% 20%  40%  60%  80%  100%
Stress Category
I sSCS s Mcs SICS NTS MHS EEl SHS Il VSHS Il EHS

Figure 5. Averaged frequencies of thermal stress categories during daytime and nighttime in Beijing-Tianjin-Hebei.
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Figure 6. Annual trends (in days) of thermal stress categories at (a) daytime and (b) nighttime in Beijing-Tianjin-Hebei.

more favorable. In August, NTS days decreased by 0.30, and MHS days increased by 0.22 d/10a, representing
a more unfavorable bioclimatic condition. Figure S1 in Supporting Information S1 shows the annual trends (in
times) of frequency ratios of thermal stress to MHS at daytime and NTS at nighttime in BTH. It further confirms
that results of Figure 6. At summer daytime, compare to the MHS, VSHS, and SHS greatly increased and high-
est in July, NTS decreased and highest in June. At nighttime, MHS increased and highest in August, cold stress
generally decreased and highest in June.

3.2. UTCI and Thermal Stress at the City Scale

Figure 7 shows the averaged daytime UTCI and nighttime UTCI in the summer of the cities in BTH. For the
summer daytime, all cities except Zhangjiakou and Chengde have a UTCI of more than 32°C and reach the heat
stress of SHS. July has a higher UTCI, and the temperature difference between July and June is up to 1°C-3°C.
Great differences exist between cities and follow the increasing gradient of UTCI from north to south and from
high altitude to the low. Zhangjiakou and Chengde (the northern mountainous zone) have the lowest UTCI
(27.9°C and 28.6°C, respectively), all cities located in the southern plain zone have a UTCI greater than 34°C,
and Hengshui has the highest (36.3°C). For summer nighttime, the UTCI in cities ranges from 9°C to 26°C

(a) Daytime

(b) Nighttime

N Summer
B Jun
.l
Il Aug
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Figure 7. Averaged (a) daytime Universal Thermal Climate Index (UTCI) and (b) nighttime UTCI of cities in Beijing-Tianjin-Hebei.
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(reaching the NTS), indicating generally comfortable conditions. June in Zhangjiakou is not comfortable since
the UTCI is as low as 7.3°C (reaching the SICS). June is the coolest month, and the temperature difference
between July and June is up to 4°C-6°C.

Figure 8 shows the annual trends of daytime and nighttime UTCI in BTH. The black dots indicate significance
at the 0.05 level. The spatial pattern of the UTCI trends differs from that of the UTCI values. The summer
daytime UTCIs present a significantly increasing trend over the region, whereas the areas with large rising
rates (>0.4°C/10a) are concentrated in Beijing, Tianjin, Tangshan, and Zhangjiakou. In months, areas with high
increasing rates (>0.5°C/10a) in June are mainly northwest of Zhangjiakou and adjacent to Bohai Bay. The
high-increasing areas (>0.5°C/10a) expanded to Beijing, Tianjin, and Tangshan in July. In August, the areas
concentrated to the northwest of Zhangjiakou have a higher increase rate (>0.5°C/10a) than other areas. At
nighttime, the high-increasing areas with more than 0.3°C/10a are distributed mainly in the northwest mountain-
ous Zhangjiakou regions and the coastal zones adjacent to Bohai Bay. In terms of months, the increasing rates
of nighttime UTCIs in June are higher than those in daytime, and two major high rates (>0.5°C/10a) clusters
are located in Beijing, Tianjin, and Tangshan as well as in Shijiazhuang, Xingtai, and Handan. Areas with large
increasing rates (>0.4°C/10a) in July are mainly northwest of Zhangjiakou and adjacent to Bohai Bay.

Furthermore, Figure 9 provides the daytime and nighttime UTCI trends of cities in BTH. The daytime UTCI shows
an increasing trend in summer and each month. Generally, the increase rates in June and July were higher than
those in August and the whole summer. For instance, Tianjin, Tangshan, and Langfang have the top three rates in
June (0.56°C/10a, 0.57°C/10a, and 0.49°C/10a, respectively) and July (0.54°C/10a, 0.57°C/10a, and 0.48°C/10a,
respectively). Surprisingly, the increasing rate of daytime UTCI in August in Zhangjiakou (0.46°C/10a) was the
highest over BTH. For the nighttime UTCI, all cities show increasing trends in summer, yet the rates were lower
than those in the daytime. Trends were higher in June and lower in August. Chengde even shows a decreasing
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Figure 9. Averaged trends of (a) daytime Universal Thermal Climate Index (UTCI) and (b) nighttime UTCI of cities in Beijing-Tianjin-Hebei.

trend in August. Coastal and mountainous cities, for example, Tianjin, Tangshan, Cangzhou, and Zhangjiakou,
had higher rates, especially in June (0.49°C/10a, 0.44°C/10a, 0.43°C/10a, and 0.42°C/10a, respectively).

We also explored the annual frequencies and trends of the thermal stress categories at the city scale. Figure 10
shows the frequencies of thermal stress categories of cities in BTH both at daytime and nighttime. Maps of
frequencies can be seen in Figures S2 and S3 in Supporting Information S1, and a similar gradient pattern from
north to south can be found. At daytime, more NTS and MHS occurred in the northern mountainous zone; for
instance, Zhangjiakou and Chengde have the highest frequencies of NTS (30% and 24%, respectively) and MHS
(52% and 53%, respectively) over BTH without VSHS days, presenting the most favorable bioclimatic conditions.
The mountain-plain transition zone (Beijing, Tangshan, and Qinhuangdao) mainly experiences MHS (32%, 25%,
and 37%, respectively) and SHS (53%, 62%, and 54%, respectively). While the southern plain zone suffers more
and stronger heat stress, the VSHS percentage is higher, and Cangzhou, Langfang, and Hengshui experience
the most. The average proportions of MHS, SHS, and VSHS were 13%, 54%, and 30% in Cangzhou, 12%, 57%,
and 29% in Langfang, and 10%, 52%, 36% in Hengshui, respectively. At daytime, although more NTS occurs, a
high percentage of cold stress is observed in the mountainous zone; Zhangjiakou and Chengde have 4% and 2%
in MCS, 36% and 24% in SICS, respectively, and more in June (10% and 6% in MCS, 50% and 37% in SICS,
respectively). In the southern plain zone, some cities still suffer a relatively high frequency of MHS. For instance,
Hengshui has the highest frequency of 10% in summer, which increases to 16% in July. In some areas, the MHS
frequency even reached 15% (Figure S3 in Supporting Information S1).

Figure 11 provides the annual trends of thermal stress category occurrences in each city in BTH. Maps of the
trends are shown in Figures S4 and S5 in Supporting Information S1. Cities in the three parts show different typi-
cal characteristics. The northern mountainous zone (I) shows a decline in NTS and an increase in MHS and SHS
during the daytime and a decline in MCS and SLCS and an increase in NTS at nighttime. The mountain plain
zone (II) shows a decrease in MHS and an increase in SHS and VSHS during the daytime and a slight increase
in MHS. The southern plain zone (III) presents the decline in MHS and SHS, whereas the increase in VSHS
during the daytime, the decrease in NTS and the increase in MHS during the daytime. Eastern cities, like Tianjin,
Cangzhou, Langfang, and Hengshui have the more increase of VSHS at daytime (3.86, 3.86, 4.97, and 3.66 d/10a,
respectively), and more increase of MHS at nighttime (1.09, 1.34, 0.82, and 1.47 d/10a, respectively). Addi-
tionally, the junction of Tianjin, Langfang, and Cangzhou is found to have the most growth of VSHS frequency
during the daytime (>5.00 d/10a, Figure S4 in Supporting Information S1), indicating much unfavorable condi-
tions in summer with more and stronger heat stress. The increase in NTS at nighttime may partly improve the
bioclimatic conditions, especially in Zhangjiakou and Chengde, where the growth rates were up to 2.11 and
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Figure 10. Averaged frequencies of thermal stress categories at daytime and nighttime in cities in Beijing-Tianjin-Hebei.

0.80 d/10a, respectively. Same as the result in BTH, the annual trends (in times) of frequency ratios of thermal
stress to MHS at daytime and NTS at nighttime in cities were showed in Figure S6 in Supporting Information S1.
At summer daytime, compare to the MHS, it could be confirmed that NTS decreased and MHS increased gener-
ally in the northern mountainous zone (I); both SHS and VSHS increased generally in the mountain plain zone
(II); and VSHS greatly increased while SHS decreased generally in the southern plain zone (III). At summer
nighttime, compare to the NTS, both MCS and SICS greatly decreased in the northern mountainous zone (I);
SICS decreased and MHS increased generally in the mountain plain zone (II); and MHS greatly increased gener-
ally in the southern plain zone (III).

3.3. OTC at the City Scale Assessed by CTCS

Figure 12 shows the overall all-day, daytime, and nighttime OTC types according to averaged CTCS in the BTH.
The embedded line charts in Figure 12 demonstrate the annual changes of CTCSs of each city in summer. Cities
are clustered into four relative OTC types according to the cluster analysis of CTCS. In order of CTCS from high
to low, the four groups are (I) comfortable, (II) less comfortable, (III) less uncomfortable, and (IV) uncomforta-
ble. The numbers on the map represent rankings to CTCSs of cities.

For the daytime OTC (Figure 12a), the comfortable-type cities are in the northern mountainous zone (Chengde
and Zhangjiakou). The less comfortable-type cities include Baoding and cities in the mountainous-plain transition
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Figure 11. Annual trends (in days) of thermal stress categories at (a) daytime and (b) nighttime in cities in Beijing-Tianjin-Hebei.

zone (Beijing, Tangshan, and Qinhuangdao). The less-uncomfortable-type cities are Tianjin, Shijiazhuang, Xing-
tai, and Handan. The uncomfortable-type cities are Langfang, Cangzhou, and Hengshui, owing to their lowest
CTCSs. From the perspective of nighttime OTCs, all the cities have positive CTCSs, which means that BTH
is usually comfortable at night (Figure 12b). Nevertheless, the relative OTC types of the cities in BTH were
dramatically inverse. Zhangjiakou and Chengde change to the uncomfortable type, meaning they are relatively
uncomfortable at night since more cold stress occurs due to high altitude. Although Langfang, Cangzhou, Heng-
shui, Xingtai, and Handan are located in the plain zone and changed to Less-uncomfortable-type, they still have
relatively low OTCs since suffering more MHS at night. Tianjin, Baoding, and Shijiazhuang are less comfortable.
The best OTC is located in the mountainous-plain transition zone (Beijing, Tangshan, and Qinhuangdao) due to
light cold and heat stress at night. The pattern of all-day OTCs was similar to that of daytime OTCs, with only
a change in Baoding from the Less-comfortable-type to the Less-uncomfortable-type (Figure 12c), indicating
worse OTCs in the all-day period than in the daytime.

Both the all-day OTC and daytime OTC present a north-south decreasing gradient pattern, and the similarity
between them indicates that the daytime OTC dominates the OTC at the city scale in BTH. Generally, Zhangjiakou
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Figure 12. Maps of Outdoor thermal comfort types and time series of annual mean Composite Thermal Comfort Score in (a) all-day, (b) daytime, and (c) nighttime for
cities in Beijing-Tianjin-Hebei during 1981-2020.

and Chengde were the two most comfortable cities in summer, with the highest all-day CTCS (-0.03, —0.03,
respectively), even though their nighttime CTCSs (0.56, 0.71, respectively) were lower than those of other cities
due to more MCS and SICS frequencies. In contrast, Langfang, Cangzhou, and Hengshui are the most uncom-
fortable cities with the lowest all-day CTCS (-2.10, —2.12, —2.20, respectively) since more heat stress occurs
both at daytime and nighttime.

For months, the OTCs of cities also show a north-south gradient and vary by month and the time of day (Figure
S7 in Supporting Information S1). July was the most unfavorable period with the lowest CTCS. The OTCs in June
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were generally better than those in August, while those in the northern mountainous zone need to be compared at
different times of day. In the northern mountainous zone, June had a better OTC during the daytime and a lower
OTC at nighttime since it is cooler during the daytime and colder at nighttime.

Furthermore, the temporal changes in the annual summer CTCSs of each city in BTH are provided in the
subgraphs in Figure 12 and Figure S6 in Supporting Information S1, and the decreasing trends in most cities were
manifested. At nighttime, Zhangjiakou and Chengde show a different pattern against other cities, with much lower
CTCS and increasing trends. Differences were more prominent on June and July nights (Figure S8 in Supporting
Information S1). On June nights, the growth trends are mirrored in all cities and more obvious in Zhangjiakou and
Chengde. On July nights, only Zhangjiakou and Chengde presented growth trends. These findings suggested that
the OTC in BTH was getting worse except for the nights in the northern mountainous zones. The increasing UTCI
and the decline in cold stress days at night was the reason for the improved OTC in northern mountainous zones,
especially in June. The increase in UTCI and heat stress frequency resulted in much worse OTCs in the southern
plain zones, such as Cangzhou and Hengshui, and was even more serious at night (Figure 12).

Additionally, several typical years (e.g., 1994, 1997, 2000, and 2018) have much worse OTCs than others. In
contrast, these years had a much higher UTCI (33.2°C, 33.2°C, 33.2°C, 33.2°C, and 33.4°C during the daytime;
18.5°C, 16.7°C, 17.4°C, and 18.7°C at nighttime, respectively) and a higher frequency of heat stress (94%, 90%,
93%, and 94% during the daytime; 8%, 5%, 3%, and 11% at nighttime). This was especially the case in 1994 and
2018, which had the highest UTCI and the highest frequency of heat stress over the past 40 years both during the
daytime and nighttime. Such bioclimatic conditions resulted in the worst OTCs over the past 40 years, especially
at night in the southern plain zone. However, the OTC is even better in the northern mountainous zone since the
decline in cold stress days at night.

4. Discussion

4.1. The Spatiotemporal Pattern of UTCI, Thermal Stress Categories, and CTCS in the BTH

Taking the BTH urban agglomeration as the study area, we proposed a summarized score based on the daily ther-
mal stress levels assessed by the UTCI, called CTCS, to assess the daytime, nighttime, and all-day OTCs of cities
in BTH over the past 40 years (1981-2020). The general daytime, nighttime, and all-day OTCs of cities in BTH
evaluated by the averaged CTCSs show a north-south gradient pattern dominated by the tremendous topographic
differences in BTH. Three topographic areas (the northern mountainous zone, the mountain-plain transition zone,
and the southern plain zone) present different characteristics of spatial and temporal patterns in regional OTCs.
The northern mountainous zone, including the cities of Zhangjiakou and Chengde, has the best overall OTC at
daytime and all-day with the lowest general UTCI and heat stress frequency, while it inversely has the worst OTC
at nighttime since they even suffer several cold stresses in the summer night. The mountain-plain transition zone,
including Beijing, Tangshan, and Qinhuangdao, has relatively less comfortable conditions at daytime and all-day,
while it has the best overall OTC at nighttime due to light cold and heat stress at night. The southern plain zone
has a worse OTC both at daytime and nighttime, and consequently at all-day. Hengshui, Langfang, and Cangzhou
are the cities with the worst overall OTCs. July is the most unfavorable month in summer regardless of daytime or
nighttime, and June is generally the most comfortable, while June nights in the northern mountainous zone may
be less comfortable with more and stronger cold stress.

From a specific and bioclimatic perspective, the UTCI shows a similar spatial pattern to CTCS. During the
daytime, the OTC in BTH is unfavorable, with a high average UTCI (32°C) and a high frequency of severe heat
stress (42% and 10% in SHS and VSHS). Conditions in southern cities are even worse, with higher heat stress
than the northern cities. Zhangjiakou has the lowest average UTCI (27.9°C) and low severe heat stress frequency
(17% and 0% in SHS and VSHS). Furthermore, Hengshui has the highest average UTCI (36.3°C) and high severe
heat stress frequency (52% and 36% in SHS and VSHS). July has the worst OTC, and the frequency of SHS, and
VSHS are up to 47% and 14% in BTH. In contrast, the summer night in BTH is much cooler and more favora-
ble. The averaged UTCI is 16°C, and NTS conditions are prevalent (85% in frequency). Cold stress (12%) even
occurs more frequently than heat stress (3%), especially in June (20% of cold stress while no heat stress occurs).
However, cold stress mainly occurs in the northern mountainous zone, and areas in the southern plain zone still
suffer a relatively high frequency of MHS (up to 15%). The results of UTCI and thermal stress frequency also
support the evaluation of OTC assessed by CTCS.

HUANG ET AL.

17 of 22



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

GeoHealth 10.1029/2022GH000725

4.2. The Trend of UTCI, Thermal Stress Categories, and CTCS in the BTH

The annual CTCS reveals that the OTC is deteriorating compounded day and night, which is in accordance
with the change of UTCI and thermal stress frequency. During the daytime, the whole BTH region presented
a decreasing trend in the CTCS, with the UTCI increasing by 0.32°C/10a and the VSHS and SHS frequencies
increasing by 0.64 and 1.56 d/10a, respectively, representing more frequent and intense heat stress and more unfa-
vorable bioclimatic conditions. The OTC in June worsened at a fast pace despite having the best overall OTC in
summer, of which the increasing rate was 0.45°C/10a on UTCI days, 0.44 on SHS days, and 0.51 d/10a on VSHS
days. The increase in July was also terrifying, with an increasing rate of 0.21°C/10a in UTCI and 0.66 d/10a
in VSHS days, bringing a terrible truth that more and stronger deadly extreme heat has occurred over the past
40 years and poses a growing fatal threat to life, health and society. Additionally, the worsened OTC at nighttime
poses a compounding threat to BTH, with an increasing rate of 0.21°C/10a in UTCI and 0.39 d/10a in MHS.

Moreover, the trend of UTCI and thermal stress levels put more emphasis on regional differences. The southern
plain zones witness faster UTCI growth and stronger heat stress frequency compounded day and night, which will
lead to more severe deadly threats (Di Napoli et al., 2018; Kuchcik, 2020). At the grid scale, the coastal areas west
of Tianjin, south of Qinhuangdao and Tangshan, and north of Cangzhou are revealed with the highest growth of
UTCI, especially in June and July. The southern part of Beijing, the junction of Tianjin, Langfang, and Cangzhou
are found to have the most growth of VSHS frequency during the summer daytime, which is also the area with
the most intense surface urban heat island in BTH from 2000 to 2015 (Chen et al., 2020). The warming effect of
urbanization may be an important factor that worsens the OTC in the southern plain zones. Previous studies have
assessed that the warming effect of urbanization prominently increasing heat events and human-perceived heat
stress (Fu et al., 2022; Luo & Lau, 2018, 2021; Y. Wang et al., 2022). The southern plain is the primary zone for
population distribution, economic activities, and agricultural production in BTH. While the deteriorating OTC
aggravated by increasing heat stress frequency during the day and night here will greatly threaten human health,
reduce outdoor work efficiency, and even knock out the water and electricity supply.

As for the northern mountainous zones, although the UTClIs are both increase in daytime and nighttime, the
CTCS demonstrate the OTC varies differently at these two times of day. The increase of UTCI may improve the
OTC due to the decrease in cold stress that mostly transform to NTS at nighttime. The decreasing cold stress
frequency (—0.10 in MCS, —0.39 d/10a in SICS, respectively) and increasing NTS frequency (0.49 d/10a) in
Zhangjiakou and Chengde at June night are more prominent than other cities, representing the more favorable
bioclimatic conditions and result in an increasing OTC at June night. Conversely, the worsening of daytime and
all-day OTCs cannot be ignored here. Zhangjiakou and Chengde show the fastest CTCSs decline at daytime, with
trends of 0.38°C/10a and 0.33°C/10a in UTClISs, respectively. The growth of UTCI in the north of Zhangjiakou
reaching more than 0.40°C/10a, which is the highest over the BTH. Consequently, the heat stress frequency also
increased significantly at daytime. The northern areas with high altitudes mainly have more frequent MHS, while
the south of the mountainous zones have more SHS occurs. Overall, Zhangjiakou and Chengde have trends of
2.19 in the MHS and 2.46 d/10a in the SHS. This phenomenon indicates that global warming may partly alleviate
the cold stress and improve the OTC in mountainous areas at night, but generally worsen the OTC at daytime. As
an important ecological protection and tourism destination in BTH, the high variability in OTC obviously raises
new challenges and opportunities for the tourism development and ecology protection.

4.3. Limitations

This study also had some limitations. The proposed CTCS only provides relative values for the comparison of
OTCs between different regions over the same spatiotemporal scale, while the CTCS value did not have specific
physical meanings, such as UTCI, that can be numerically divided into thermal stress categories. Additionally,
the four OTC types from comfortable to uncomfortable were obtained based on the relative value of the data
series, which only makes comparisons sense over the same time periods.

5. Conclusions

This study quantitatively assessed the long-term, summertime, regional OTC in BTH urban agglomeration from
1981 to 2020. The general OTCs of cities show a decreasing north-south gradient pattern dominated by the
tremendous topographic differences in BTH. For all-day and daytime OTCs, the northern mountainous zone
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(Zhangjiakou and Chengde) presents the best OTCs. Then, the mountain-plain transition zone (Qinhuangdao,
Beijing, and Tangshan) shows a moderate OTC. The southern plain zone shows the worst OTC and could be
clustered into two categories. Hengshui, Langfang, and Cangzhou show the worst OTCs since they experience
increasingly stronger heat stress in summer. At nighttime, the best OTC areas were in the mountain-plain transi-
tion zone, while the northern mountainous zone exhibits the worst OTC since more cold stress occurred.

The higher UTCI, increasing frequency of heat stress, and the ensuing worsening OTC that even compounded
day and night indicate that the climate-driven negative effects were much stronger over the past 40 years in BTH.
As for daytime, the increasing rate of UTCI is 0.32°C/10a, and that of heat stress frequency is 0.88 d/10a. As
for nighttime, the growing rate of UTCI and heat stress frequency is 0.21°C/10a and 0.39 d/10a, respectively.
Accelerating worsening OTC occurred in the southern plain zone with faster UTCI growth and stronger heat
stress frequency compounded day and night. The northern mountainous zone conditions are reversed during the
daytime and nighttime. Zhangjiakou and Chengde show the fastest CTCSs decline at the daytime, with trends
of 0.38°C/10a and 0.33°C/10a in UTClIs, respectively. While the increase in UTCI may partly improve the OTC
at night since cold stress decreased, that mainly transform to NTS. The increasing temperature and urban heat
island driven by climate change and urbanization may be the culprit for the deterioration of OTC. Climate change
adaptation strategies are needed to ensure urban and ecological resilience.

Compared to the traditional heatwave research that mainly focuses on the temperature, the assessments of biocli-
matic conditions are more considerable to take more relevant meteorological parameters into account, which is
an essential basis for effective evaluation of the impacts of global change and extreme heat on human health and
behavior, as well as on the social economy. Though UTCI has 10 years of applications, the assessment of biocli-
matic conditions still facing many problems, and long-term analyses that consider the intensity, duration, and
extent of thermal stress both day and night for urban areas are lacking. We hope the study will better understand
the bioclimatic conditions in BTH and support decision-makers to improve OTC and reduce related health risks.
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