<@ sustainability

Article

Spatial-Temporal Characteristics of Arctic Summer Climate
Comfort Level in the Context of Regional Tourism Resources
from 1979 to 2019

Yutao Huang !, Xuezhen Zhang 2, Dan Zhang ?, Lijuan Zhang "*, Wenshuai Zhang !, Chong Ren 1, Tao Pan !,
Zheng Chu ® and Yuying Chen !

check for

updates
Citation: Huang, Y.; Zhang, X.;
Zhang, D.; Zhang, L.; Zhang, W.; Ren,
C.; Pan, T.; Chu, Z.; Chen, Y.
Spatial-Temporal Characteristics of
Arctic Summer Climate Comfort
Level in the Context of Regional
Tourism Resources from 1979
to 2019. Sustainability 2021, 13, 13056.
https:/ /doi.org/10.3390/s5u132313056

Academic Editor: Oran Young

Received: 17 October 2021
Accepted: 18 November 2021
Published: 25 November 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Heilongjiang Province Key Laboratory of Geographical Environment Monitoring and Spatial Information
Service in Cold Regions, Harbin Normal University, Harbin 150025, China; huangyutao0128@163.com (Y.H.);
vincentzhang1993@gmail.com (W.Z.); rch408785202@gmail.com (C.R.); ptaovip@gmail.com (T.P.);
chenyuying000@gmail.com (Y.C.)

Institute of Geographic Sciences and Natural Resources Research, Chinese Academy of Sciences,

Beijing 100101, China; xzzhang@igsnrr.ac.cn (X.Z.); zhangdan@igsnrr.ac.cn (D.Z.)

Heilongjiang Meteorological Sciences Research Institute, Harbin 150030, China; chuzheng1985@126.com

*  Correspondence: zlj19650205@163.com

Abstract: In the context of global warming, a key scientific question for the sustainable development
of the Arctic tourism industry is whether the region’s climate is becoming more suitable for tourism.
Based on the ERA5-HEAT (Human thErmAl comforT) dataset from the European Center for Medium-
range Weather Forecasts (ECMWF), this study used statistical methods such as climatic tendency
rate and RAPS to analyze the spatial-temporal changes in Arctic summer climate comfort zones from
1979 to 2019 and to explore the influence of changes in climate comfort on Arctic tourism. The results
showed the following: (1) With the increase in the Arctic summer temperature, the universal thermal
climate index (UTCI) rose significantly from 1979 to 2019 at a rate of 0.457 °C/10a. There was an
abrupt change in 2001, when the climate comfort changed from “colder” to “cool”, and the climate
comfort has remained cool over the past decade (2010-2019). (2) With the increase in Arctic summer
temperatures, the area assessed as “comfortable” increased significantly from 1979 to 2019 at a rate
of 2.114 x 10° km?2/10a. Compared with the comfortable area in the 1980s, the comfortable area
increased by 6.353 x 10° km? over the past 10 years and expanded to high-latitude and high-altitude
areas, mainly in Kola Peninsula, Putorana Plateau, and Verkhoyansk Mountains in Russia, as well as
the Brooks Mountains in Alaska. (3) With the increase in Arctic summer temperatures, the number
of days rated comfortable on 30% of the grid increased significantly from 1979 to 2019 (maximum
increase: 31 days). The spatial range of the area with a low level of comfortable days narrowed and the
spatial range of the area with a high level of such days expanded. The area with 60-70 comfortable
days increased the most (4.57 x 10° km?). The results of this study suggest that global warming
exerts a significant influence on the Arctic summer climate comfort level and provides favorable
conditions for further development of regional tourism resources.

Keywords: Arctic; universal thermal climate index (UTCI); spatial-temporal changes; 1979-2019

1. Introduction

According to the sixth assessment report of the Intergovernmental Panel on Climate
Change (IPCC), the average global surface temperature has increased by 1.09 °C over the
past century [1]. The report in the Arctic Climate Impact Assessment also pointed out that,
in the context of global warming, climate change in the Arctic is mainly manifested in the
melting of ice sheets in the Arctic, the continuous decrease in the volume of snow and
frozen soil in the Northern Hemisphere, the frequent occurrence of extreme weather events,
and the significant changes in the ecosystem in the Arctic [2]. Accordingly, climate change
turned into a severe environmental problem, and soon it will have significant impacts
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on our lives, our world, and also on tourism [3]. Climate change has affected the length
and quality of the tourist season, the choice and consumption of tourist destinations, the
decision making of tourist activities, and the operating costs of the tourism industry [4].
Climate change directly causes the redistribution of tourist flows, geographically and
seasonally, and climatic conditions that are attractive to tourists may shift to high latitudes
and high altitudes [5]. Climate change also indirectly affects tourism by causing water
shortages, floods, deterioration of water quality, changes in natural landscapes, reduction
in biodiversity, forest fires, and spread of diseases [6,7]. Global warming could lead to the
spatial-temporal redistribution of climate comfort [8]. The Arctic is the highest latitude
region of the Northern Hemisphere, as well as a region sensitive to global climate change [9].
The heating rate of the Arctic is twice that of the global average [10]; thus, analyzing the
characteristics of climate change in the Arctic is of great significance for the development
of Arctic tourism resources.

In recent years, tourism in high-latitude regions has become increasingly popular.
For instance, the number of tourists in Greenland increased from 26,410 in 1999 to 57,223
in 2008, which was equivalent to the total population of Greenland [11]. The number of
summer tourists to Alaska also increased significantly [12]. The average annual growth
rate in the number of tourists in Iceland has doubled over the past few years [13]. The
increase in the climate comfort level in Norway has led to a huge increase in summer
tourism; the number of tourists in the Svalbard Islands, for example, has quadrupled [14].
This significant increase in the number of tourists indicates that the climate comfort level
in the Arctic has improved due to global warming, and the need to carry out quantitative
studies on these changes is urgent. Roshan et al. [15] used the physiologically equivalent
temperature (PET) to identify and evaluate bioclimatic conditions of 40 meteorological
stations in Iran. It showed that Iran’s comfortable days transferred to early spring and late
autumn and an increase in the frequency of thermal comfort condition was observed in
almost half of the stations. Roshana et al. [16] also used stations data to show that both SET,
PET, and UTClI increased in Iran from 1995 to 2014. Eludoyin et al. [17] have examined the
variations in the thermal condition of Nigeria in terms of the temperature, relative humidity,
effective temperature (ET), temperature-humidity index (THI), and relative strain index
(RSI) and concluded that thermal stress has increased in Nigeria from 2000 at most stations,
especially in the south and north-western regions. Feng et al. [18] used the improved classic
THI model to analyze the spatiotemporal evolution of annual and monthly average climate
comfort in China from 2005 to 2018. The results showed that the annual average comfort
level in China changed from cold to comfortable. Wu et al. [19] used 591 stations data to
calculate the change of China’s climate comfort index values between 1966 and 2016 and
came to the same conclusion. In China, the climate comfort levels in high-altitude regions,
plateaus, and mountains have improved significantly [20-24]. Zeng et al. [25] investigated
the spatial and temporal variations of the universal thermal climate index (UTCI) of the
China-Pakistan Economic Corridor (CPEC) from 1979 to 2018 and concluded that the UTCI
generally exhibited a positive trend of 0.33 °C/10a over the past 40 years, and the seasonal
variation characteristics of the UTCI showed an upward trend in all four seasons. The
tourist comfort zone in North America moved from low altitude to high altitude and from
low latitude to high latitude [26]. For example, southern Florida, Arizona, and particularly
Mexico have decreased the warm tourist season and Canada, Georgia, and South Carolina
have extended the warm tourist season. Alaska’s tourist season also extended, which now
starts 10 days earlier than in the 1940s [20]. Some scholars have analyzed the thermal
comfort in different regions of Europe. Napoli et al. have assessed the thermal bioclimate of
Europe for the summer season and concluded that an increase in heat stress up to 1 °C was
observed from 1979 to 2016 [27]. Some scholars pointed out that southern Europe (Crete
Island in Greece, Eastern Mediterranean, Athens, Madrid (Spain), Novi Sad (Vojvodina,
Northern Serbia)) were under high temperature and pressure, and climate warming has
led to a significant increase in the frequency and duration of high-temperature heat waves
in southern Europe and a decline in climate comfort [28-35]. In central Europe, climate
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change has led to an increase in the number of strong and very strong heat stress days
in Poland [36]. Tourists from Germany, Ireland, and the UK would spend more holidays
in their home country, and the tourism of Ireland and Britain has moved north [37]. In
northern Europe, warming has increased the length of nature and wilderness tourism and
the “midnight sun” season in Finland and Sweden [5], and increased comfort in Norway
has led to an increase in summer visitors [14]. Climate change could considerably enhance
northwestern Europe’s comfort level [38,39]. It can be seen that climate changes have led
to the redistribution of tourism climate resources in time and space. The existing studies
are mostly based on station data analysis, with lower spatial resolution. The area of study
is mostly concentrated on the low and middle latitudes of the Northern Hemisphere, but
little attention has been paid to the changes in comfort level in the Arctic, where there have
been the highest rates of temperature increase.

The climate comfort index, which is widely used in public health, urban planning,
tourism, and leisure, is an important index for quantifying the climatic suitability of tourism
destinations [40] and as a basis for studying the effect of climate change on tourism [41].
With the measurement of the environment variables, direct indices were initially drawn by
the researchers. Including wet-bulb temperature [42], Kata temperature [43], wet-bulb globe
temperature (WBGT) [44], temperature-humidity index (THI) [45], effective temperature
(ET) [46], and wind chill index (WCI) [47], direct indices were widely used because they
are simple and easy to use. As the study of climate comfort went further, the researchers
realized that besides environmental factors such as temperature and humidity, behavioral
variables such as metabolic rate and the thermal insulation and moisture permeability
of clothing that affected the heat comfort should also be considered [48]. Thus, some
researchers raised experiential indices, such as the predicted four-hour sweat rate (P4SR),
that included the behavioral variables [49]. Because of the lack of the scientific simulation
of human response in experiential indices, thermodynamic theorem was used to simulate
the heat exchange between the human body and environment, by which climate comfort
indices such as physiological equivalent temperature (PET) [50] and the universal thermal
climate index (UTCI) were raised. Comparing with the PET index, the environmental and
behavioral factors that affected the climate comfort indices were more fully considered in
the UTCI. The human multi-joint reaction to the external environment was in the model of
climate comfort index to simulate the dynamic physiological response of the pedestrian
and construct the thermal stress index the human body accepted during exposure outdoors.
According to the thermal stress index, the UTCl is divided into 10 comfort levels from hot to
cold [51]. The UTCl is considered the most advanced, comprehensive, and universal human
comfort index [52,53], and it is applicable to various climates, seasons, temporal, and spatial
scales, as well as being widely used in urban zoning and tourism planning [54,55]. The
ERA5-HEAT (Human thErmAl comforT) dataset from the European Center for Medium-
range Weather Forecasts (ECMWF) was used in this study. The objectives of the present
study were to (1) determine the spatial pattern of Arctic summer climate comfort, (2) reveal
the spatial-temporal characteristics of Arctic summer climate comfort, and (3) discuss the
influence of climate change on Arctic summer climate comfort. It provides a scientific basis
for sustainable development of tourism in the region.

2. Materials and Methods
2.1. Study Area

In this study, 800 km? of the northern land in the Arctic Circle (66°34’ N) was taken
as the study area, including parts of Greenland (territory of Denmark), Canada, Alaska
(the United States), Russia, Norway, Sweden, Finland, and Iceland. Located in the North
Frigid Zone, the study area is covered by sea ice year-round and experiences polar weather
(Figure 1). The average temperature in the coldest month reaches —40 °C-—20 °C, so
the area is an important cold source for the world. The weather is characterized by a
long, extreme cold winter, and a short, cool summer; the annual average precipitation is
100250 mm, which reaches 500 mm in the Greenland sea area, and summer precipitation
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is usually in the form of rain. Due to its climate characteristics, the Arctic region has unique
tourism resources, and current tourism in the region mainly focuses on glaciers, auroras,
gorges, endemic species, skiing, underwater diving, and boating on the ice sea.

“~lceland

study arca

Figure 1. Location of the study area (shaded area) and the average temperature in the Arctic from
1979 to 2019.

2.2. Datasets

1. Thermal comfort data: The climate comfort data were drawn from the ERA5-HEAT
dataset of ECMWEF from 1979 to the present, with a spatial resolution of 0.25° x 0.25°
and a time interval of one hour. The UTCI from 1979 to 2019 was analyzed in this
study, and the data were downloaded from the ERA5-HEAT website Available online:
https:/ /cds.climate.copernicus.eu/cdsapp#!/dataset/ (accessed on 28 May 2020). Accord-
ing to the thermal physiological response of the human body, the UTCI thermal stress was
divided into 10 levels (Table 1).

Table 1. UTCI equivalent temperatures categorized in terms of thermal stress and thermal perception.

UTCI (°C) Stress Category Comfort Level UTCI (°C) Stress Category Comfort Level
>46 Extreme heat stress Extreme hot 0~9 Slight cold stress Cool
38~46 Very strong heat stress Very hot —13~0 Moderate cold stress Colder
32~38 Strong heat stress Hot —27~-13 Strong cold stress Cold
26~32 Moderate heat stress Hotter —40~-27 Very strong cold stress Very cold
9~26 No thermal stress Comfort <—40 Extreme cold stress Extreme cold

2. Arctic climate data: To analyze the climate background of the changes in Arctic
comfort and analyze the changing factors of the UTCI, we chose temperature, wind speed,
relative humidity, and sunshine duration for the analysis. These climate elements were
obtained from the ERAS5 dataset. Again, the time range drawn from ERA5 was from 1979
to the present, the spatial resolution was 0.25° x 0.25°, and the time interval was one hour.
The temperature and wind speed data were used directly, whereas the sunshine duration
and relative humidity required further processing: sunshine duration was replaced by total
cloud cover (TCC) [56] and relative humidity was calculated by the average temperature
and dew-point temperature. The specific equation is as follows:

E
f == m ><100% (1)

E = 6.11exp5417.753{(1/ 273.16) — [1/( 273.16 + Td)]} @)
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Ew = 6.11exp5417.753{(1/ 273.16) — [1/( 273.16 + T)]} ®)

where f is relative humidity, E is actual vapor pressure, E, is saturated vapor pressure, Td
is dew point, and T is temperature.

2.3. Methods
2.3.1. Trend Analysis Method

A univariate linear regression equation of the cold region area variable (y) and the
corresponding time (x) was established:

y=ax+b (i=12,...,n) )

where 4 is the linear regression coefficient indicating the rate of change in the spatial extent
of the cold region. The positive or negative value of 4 indicates that the spatial extent of
the cold region is increasing or decreasing over time. The positive value of 2 indicates the
spatial extent of cold region is increasing while the negative value of a indicates the spatial
extent of cold region is decreasing.

2.3.2. Rescaled Adjusted Partial SUMS (RAPS) Method

The rescaled adjusted partial sums (RAPS) visualization approach can be used for
preliminary visual inspection of a time series, to gain a feel for the data, and/or to guide
and focus subsequent statistical tests and analyses [57]. The RAPS of the X} are defined
as follows:

" —
Y=Y
X, = ——k=1,...,n 5
k t; 3 ©)
where Y =[Yt;t =1, ..., n] represent a time series of a climatic variable, Y is sample mean,
Sy? is variance, 1 is number of values in the time series, and k is counter limit of the current
summation.

2.3.3. Correlation Analysis

Correlation analysis is a statistical method used to discover if there is a relationship be-
tween two variables/datasets, and the relatedness and negative/positive correlation of this
relationship. The Pearson correlation method is adopted in this paper to analyze the rela-
tionship between comfortable area, comfortable days, and climate indicators, quantitatively.
In each pair, the Pearson’s correlation coefficient (r) is calculated as:

n

1 (i —X)(yi — Y)
r= i=1 (6)
VI (- 22D v 9)?

where X represents the average comfortable areas or days and ¥ is the average of a given
climate variable.

The study based on the UTCI data in the ERA5-HEAT dataset provided by ECMWF
used MATLAB software for spatial data calculation and overlay analysis (Figure 2). We
used the Pcolor function of MATLAB to achieve graphical visualization.
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Figure 2. The framework of the study.

3. Results
3.1. Change of UTCI in the Arctic Summer (1979-2019)

The average UTCI value in the Arctic summer from 1979 to 2019 was 0.025 °C
and the comfort level was “cool”. The UTCI value increased significantly at a rate of
0.457 °C/10a (p < 0.01), for a total increase of 1.874 °C, and the thermal stress level also
increased (Figure 3a). The results of RAPS analysis showed (Figure 3b) that there was an
obvious change in the UTCI value in the Arctic summer in 2000, which indicates that a
transformation occurred in the comfort level in the early 21st century. The UTCI anomaly
map (Figure 3c) also shows that the negative anomaly changed to a positive anomaly in
the early 21st century (2001) and the UTCI changed from a relatively low value stage to a
relatively high value stage. Further analysis reveals that the UTCI value was —0.501 °C
and the comfort level was “colder” before the abrupt change (1979-2000). After the abrupt
change (2001-2019), the UTCI value was 0.634 °C and the comfort level was “cool”, which
indicates that there was an obvious change in the comfort level of the Arctic summer in the
21st century.

UTCI Anomaly(°C)
| & S
o [= o n

L
“n

2
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" L
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L
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" " i | " " " " L " L i 25 L " L L L L ;
2008 2014 2020 1975 1980 1985 1990 1995 2000 2005 2010 2015 2020 1978 1984 1990 1996 2002 2008 2014 2020

(b) ()

Figure 3. Change in Arctic summer UTCI from 1979 to 2019: (a) time series, (b) RAPS, (c) anomaly series.
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3.2. Change in the Area Rated “Comfortable” in the Arctic Summer

It can be seen from Section 3.1 that the spatial distribution of comfortable areas ex-
panded with the increase in the UTCI value for the Arctic summer from 1979 to 2019
(Figure 4a). The area of summer comfortable zones in the Arctic from 1979 to 2019 was
1.541 x 10° km?, covering 19.152% (i.e., nearly 1/5) of the total Arctic land area. The
comfortable area in the decade before and after was 1.218 x 10° and 1.864 x 10° km?,
respectively. The summer comfortable area was largest in 2019, at 2.44 x 10° km?,
and smallest in 1996, at only 0.921 x 10% km?2, with an annual variation coefficient of
23.304%. The increase rate for the summer comfortable area in the Arctic from 1979 to
2019 was 2.114 x 10° km?/10a, which was significant (p < 0.01). The total increase area
was 8.667 x 10° km?2, which indicates that the summer comfortable area in the Arctic has
been expanding. The RAPS analysis results indicate (Figure 4b) that there was an obvious
change in the size of the Arctic summer comfortable area in 2000, which was consistent
with the change in the UTCI value. The comfortable area before and after the abrupt change
was 1.307 x 10° and 1.811 x 10° km?, respectively. This finding was further verified by
the area anomaly (Figure 4c), which indicates that there was a significant expansion in the
Arctic summer comfortable area in the early 21st century.

k k k . k k 4 L L L L L L L ' 08 L L L L L L J
1979 1985 1991 1997 2003 2009 2015 1975 1980 1985 1990 1995 2000 2005 2010 2015 2020 1978 1984 1990 1996 2002 2008 2014 2020

(a)

(b) (c)

Figure 4. Change in Arctic summer comfortable area from 1979 to 2019: (a) time series, (b) RAPS, (c) anomaly series.

The spatial distribution of the areas with different comfort levels in the Arctic over
the past ten years was further analyzed (Figure 5). The Arctic summer comfortable area
from 2010 to 2019 was 1.864 x 10° km?, accounting for 23.2% of the Arctic land area. These
comfortable areas were mainly distributed in Eurasia and North America (66.5°-70 °N),
mid-eastern Russia, Norway, Sweden, and Finland in northern Europe, Alaska and the
Yukon territory in Canada, as well as scattered areas along the coast of Greenland and
islands of Canada, north of 70 °N (Figure 5a). Compared with the ten years from 1979 to
1988, the Arctic summer comfortable area increased by 6.353 x 10° km?, accounting for 7.9%
of the Arctic land area (Figure 5b). In terms of spatial distribution, the comfortable area
mainly expanded to high-latitude and high-altitude regions (66.5°~70 °N) and, specifically,
in the Kola Peninsula, Putorana Plateau, Verkhoyansk Mountains in Russia, and Brooks
Mountains in Alaska (Figure 5c). It is, therefore, possible for tourism to be developed in
the Arctic regions rated comfortable, especially those newly designated as comfortable.
Sightseeing in gorges, fishing, and watching rare species can be carried out in the peninsula
regions and adventures, such as polar mountain climbing and outdoor expeditions, can be
developed in the mountainous and plateau regions.
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Figure 5. Spatial distribution and variation of Arctic summer comfortable area: (a) 2010-2019,
(b) 1979-1988, (c) spatial variation of the decade before and after.

3.3. Change in the Number of Arctic Summer Comfortable Days from 1979 to 2019

There was an average of 23 Arctic summer days rated comfortable from 1979 to 2019,
accounting for a quarter (25%) of the entire summer, while in the decade before and after
there were 21 and 26 such days, respectively. The largest number of comfortable days was
seen in 2019 (30 d), and the smallest was 18 d in 1992. The annual variation coefficient
was 10.955%. The increase rate in comfortable days from 1979 to 2019 was 1.458 d/10a,
which was significant (p < 0.01), and the total increase was 6 d, which indicates that the
season for Arctic summer tourism activities has been significantly extended (Figure 6a).
The RAPS analysis results showed that there was an obvious change in the number of
comfortable days around 2000, which is consistent with the changes in UTCI values
(Figure 6b). The number of comfortable days before and after the abrupt change was 22 d
and 25 d, respectively. This finding was further verified by the anomaly of days (Figure 6¢),
indicating that a significant change occurred in the number of comfortable days in the early
21st century.

Comlortable Days Anomaly(d)

(a)

L = A = = = 6 L L " L s L L L n 6 L L " n " s )
1979 1985 1991 1997 2003 2009 2015 1975 1980 1985 1990 1995 2000 2005 2010 2015 2020 1978 1984 1990 1996 2002 2008 2014 2020

(b) (c)

Figure 6. Change in the number of Arctic summer comfortable days from 1979 to 2019: (a) time series, (b) RAPS,

(c) anomaly series.

Figure 7 shows the spatial distribution of Arctic summer comfortable days from 1979
to 2019. The number of days in all grid cells rated comfortable has clearly been increasing,
the area with a statistically significant increase accounted for 30% of the total Arctic area,
and the increase rate ranged —1.972-7.498 d/10a. The largest increase in the number
of comfortable days was in the Qeqgertarsuaq region of western Greenland (31 d) and
the second largest increase was in northern and eastern Siberia of Russia (8-24 d). The
summer tourism seasons were extended in the areas with a large increase in the number of
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comfortable days, and the tourism structure could be adjusted appropriately to invest in
tourism infrastructures to meet the needs created by this extension.

d/lOa8

Figure 7. Rate of spatial change for the number of Arctic summer comfortable days from 1979 to 2019.

These Arctic summer comfortable days not only appear in the increase in grid cells but
also in the change of space areas with the same level of comfortable days. Table 2 displays
the area distribution of comfortable days at various frequency levels between the period
of 1979-1988 and 2010-2019. The areas with 0-10, 10-20, 20-30, and 40-50 comfortable
days decreased from 1979 to 1988 and from 2010 to 2019, with regions experiencing only
0-10 comfortable days declining most (by 2.96 x 10° kmz). Areas with 30-40, 50-60, 60-70,
70-80, and 80-90 comfortable days increased, with areas having 60-70 comfortable days
increasing most (4.57 x 10° km?).

Table 2. Areas of comfort days at different levels in 1979-1988 and 2010-2019.

(10° km?) 0-10d

11-20d 21-30 d 31-40d 41-50 d 51-60 d 61-70 d 71-80 d 81-92d

2010-2019 9.74
1979-1988 12.70
Difference —2.96

12.79 11.90 9.57 8.07 8.93 6.66 1.67 0.04
15.13 12.12 9.54 9.05 7.02 2.09 0.64 0.00
—2.34 —0.22 0.03 —0.98 191 4.57 1.03 0.04

In the past ten years (2010-2019), there was an average of 26 comfortable Arctic
summer days, which were distributed in North America and Eurasia, excluding Green-
land (Figure 8a). These basically followed a zonal distribution and gradually decreased
with an increase in latitude. Mid-eastern Russia, northern Europe, Canada, and Alaska
(66.5°=70 °N) had a large number of comfortable days (maximum: 90 d) and the regions
north of 70 °N had a smaller number of comfortable days (average: 20 d), accounting for
21.74% of the Arctic summer. Compared with the early 1980s (Figure 8b), the number of
comfortable days increased by 5 d.

In summary, there was an obvious increase in the range and number of comfortable
days (between 10 d and 30 d) in the Arctic, which were mainly distributed in mid-eastern
Russia (66.5°-70 °N), Greenland, and Ellesmere Island, north of 80 °N (Figure 8c). The
increase in the number of comfortable days extends the summer tourism season in the
Arctic, providing tourists more time to enjoy the natural scenery and creating the potential
for higher economic benefits.
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Figure 8. Spatial distribution and change in the number of Arctic summer comfortable days from
1979 to 1988 and from 2010 to 2019: (a) 2010-2019, (b) 1979-1988, (c) Spatial transformation.

4. Discussion

As an area sensitive to global warming, the climate comfort level in the Arctic has
changed with the warming climate, which has had positive effects on the regional tourism
industry. Therefore, it is of great significance to study the changes in the areas of the
Arctic that can be rated comfortable during the summer, with a particular focus on the
influence of climate comfort level on tourism in the context of global warming. In this
study, a quantitative analysis was carried out on the spatial-temporal evolution of the
Arctic summer climate comfort zones from 1979 to 2019, as well as the influence of the
change in the climate comfort levels on Arctic tourism. The results of this analysis may be
helpful in optimizing the Arctic tourism industry, promoting the development of tourism
destinations, and providing scientific and quantitative support for the development of
Arctic tourism. The following aspects were discussed in this study.

Factors that influence the climate comfort level include temperature, relative humidity,
wind speed, and sunshine duration. The relationship between meteorological elements
and climate comfort level was analyzed based on the ERA5-HEAT dataset. Figure 9 shows
the interannual changes in Arctic summer average temperature, relative humidity, wind
speed, and TCC from 1979 to 2019, which had averages of 3.809 °C, 79.461%, 4.128 m/s,
and 70.249%, respectively. The temperature rose significantly from 1979 to 2019 (p < 0.01),
with a rate of 0.418 °C/10a and a total increase of 1.714 °C. The relative humidity, wind
speed, and TCC fluctuated greatly, but the change was not significant (p > 0.05), which
indicates that the temperature increase was the main climate change factor in the Arctic.

8 r 46 ¢
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e |~ R=0.0006 : R = 0.0037 73 :
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E: 243 S p
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3 3 42 3
: g 4 3
z 541 g%
E E 4 S
= = F 67
2 39 g
7 . . 38 . . 65 . .
f=2) <t (= <t =3 <t (=) <t <t N <t (=) <t (=) <t <t (=2} <t N <t (=) <t
- oc oc =3 =3 (=1 (=1 — ©~ o0 0 =3 N (=1 (=1 — - 0 [~ =3 =3 (=3 (=1 —
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Figure 9. Changes in the average temperature, relative humidity, wind speed, and total cloud cover in the Arctic summer

from 1979 to 2019.

The correlation between the comfortable area and the number of comfortable days
and various meteorological factors was also analyzed (Table 3). The comfortable area and
number of days were positively correlated with the average temperature (p < 0.01) and
negatively correlated with TCC; the positive correlation coefficient was much larger than
the negative correlation coefficient. Thus, it appears that the comfortable area and days are
mainly affected by the temperature and TCC, with the temperature being the main factor.
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Table 3. Correlation coefficients between comfortable area, comfortable days, and meteorological
factors in arctic summer from 1979 to 2019.

Temperature Relative Humidity =~ Wind Speeds TCC
Comfortable Area 0.818 ** 0.07 —0.218 —0.340*
Comfortable Days 0.944 ** 0.086 —-0.309 —0.514 **

Note: “*”, “**””: Significance at 0.05 and 0.01 levels.

The spatial correlation coefficients between the number of comfortable days and
temperature, relative humidity, wind speed, and TCC in the Arctic summer are analyzed
(Figure 10). It showed that there are significant spatial correlations between comfort-
able days and temperature, relative humidity, wind speed, and TCC, which are basically
distributed between 66.5-70 °N and can reach 80 °N in areas such as Canada’s Queen
Elizabeth Islands and Ellesmere Island, indicating that the Arctic summer comfortable days
of 66.5-70 °N is related to temperature, relative humidity, wind speed, and TCC. However,
there are differences between different elements in the relevant regions. Statistics showed
that the areas where summer comfortable days are significantly correlated with tempera-
ture, relative humidity, wind speed, and TCC are 5.719 x 10, 3.24 x 10°,3.974 x 10°, and
5.412 x 10° km?, respectively. The average significant correlation coefficients are 0.776,
—0.447, —0.506, and —0.609, respectively, indicating that the Arctic summer comfortable
days have a more significant correlation with temperature, and temperature is the most
important factor affecting summer climate comfort.

Relative Hundity |80 Wi Speeds | 8(

Figure 10. Spatial correlation coefficients between the number of comfortable days and temperature, relative humidity,

wind speed, and TCC in Arctic summer from 1979 to 2019 (R: correlation coefficient).

The spatial pattern of and change in climate comfort levels in the peri-Arctic nations
and regions has been previously studied. For instance, the spatial pattern of the summer
UTCI index in Russia from 2001 to 2015 was analyzed by Vinogradova et al. [58] based on
data from 500 meteorological stations in Russia. The results showed that the comfortable
zones were distributed in most areas of Russia in summer, and a moderate thermal stress
level was observed in daytime in southern Europe. In a study by Yu et al., the hourly
weather data from meteorological stations were used to calculate the modified climate
index for tourism [20]. The authors suggested that the weather conditions in parts of
regions in Alaska had improved greatly from 1942 to 2005, which extended the tourism
season. Based on the temperature, precipitation, TCC, and visibility data, Forland et al.
found that “warm” weather in Norway, north of the Arctic Circle, increased from 1981
to 2010, the summer tourism season was extended, and the improvement in the summer
climate comfort level led to an increase in the number of tourists, quadrupling in the
Svalbard Islands [14]. According to statistics, from 1990 to 2005, the annual growth rate of
Iceland’s Arctic cruise tourists was 19.19%, from 7952 in 1990 to 266,070 in 2015, an increase
of more than 30 times; in 2019, the number of overnight tourists in Greenland increased
to 264,711 people, equivalent to 3.47 times the total population of the island; from 1996
to 2018, cruise tourism in Svalbard also increased greatly, and cruise tourists increased
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by 1.94 times [59]. These studies, to some extent, verify the findings of the present study,
which showed that the Arctic summer comfortable zones have expanded and the tourism
areas increased, while the number of comfortable days has significantly increased and the
summer tourism season has been extended.

The results of this study showed that the Arctic summer comfortable zones have
expanded and there are more comfortable days, which has created favorable conditions for
tourism. In recent years, Norway, Iceland, Russia, and Canada have set up Arctic tourism
routes and promoted the development of ecological tourism in the region [60]. The Arctic
is the region least affected by human activities in the world, and unplanned or inadequate
development of tourism resources could eventually lead to the degradation of the natural
environment. Tourists are also likely to bring new species and germs into the region [61].
To achieve the sustainable development of Arctic tourism, the various countries involved
should adhere to the concept of global integration and cooperate to complete legal systems
for Arctic tourism development to ensure ecological balanced and sustainable growth in
the region.

5. Conclusions

The average summer UTCI value in the Arctic was 0.025 °C from 1979 to 2019 and
the comfort level was cool. The UTCI increased significantly at a rate of 0.457 °C/10a and
there was an abrupt change in 2001. The Arctic summer comfort level changed from colder
to cool after this abrupt change.

The average comfortable area in the Arctic summer from 1979 to 2019 was
1.541 x 10° km?, accounting for a fifth of the Arctic land area. These comfortable zones
were mainly distributed in mid-eastern Russia, Norway, Sweden, and Finland in north-
ern Europe, as well as Alaska and the Yukon territory in Canada. The comfortable area
increased significantly at a rate of 2.114 x 10> km?/10a from 1979 to 2019. Compared with
the 1980s, the comfortable area has increased by 6.353 x 10° km? in recent decades, mainly
expanding to high-latitude and high-altitude regions, specifically distributed in the Kola
Peninsula, Putorana Plateau, Verkhoyansk Mountains in Russia, and Brooks Mountains
in Alaska.

The average number of Arctic summer comfortable days was 23 from 1979 to 2019,
accounting for a quarter of the entire summer. These were distributed zonally and grad-
ually decreased from low to high latitudes. The number of comfortable days increased
significantly from 1979 to 2019, at a rate of 1.458 d/10a. Compared with the early 1980s,
the number of comfortable days has increased by 5 d over the past decades. The range and
number of summer comfortable days has increased significantly, and the largest number of
comfortable days was seen in the Qeqertarsuaq region of western Greenland (31 d), while
the area seeing 60~70 summer comfortable days expanded the most (by 4.57 x 10° km?).

This study is only limited to the Arctic region and does not conduct a detailed analysis
of the Northern Hemisphere or typical Arctic tourism cities. It has not conducted an
in-depth study on how the Arctic climate comfort changes under the background of future
climate change. It will be subject to special research in the future.

The improvement of Arctic summer climate comfort and the extension of suitable
tourist seasons will enhance the attractiveness of Arctic tourist destinations while promot-
ing the development and utilization of Arctic natural resources. Sightseeing in gorges,
fishing, and watching rare species can be carried out in the peninsula regions and adven-
tures, such as polar mountain climbing and outdoor expeditions, can be developed in the
mountainous and plateau regions. Despite vigorously developing Arctic tourism activities,
it is necessary to protect and manage Arctic tourism resources to ensure the sustainable
development of Arctic tourism.
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