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Abstract

The aim of the current paper is to evaluate spatial and temporal characteristics of the distribution of bi-
oclimatic comfort within the Arkhangelsk region (Russian Federation) with two modern indices of ther-
mal comfort: PET and UTCI. Its average values calculated for the modern climatic period (1981-2010)
in the monthly mean give a clear picture of spatial heterogeneity for the warmest month (July) and for
the coldest one (January). The spatial picture of both indices in July allows us to distinguish three large
internal regions: the Arkhangelsk province, the continental part of the Nenets Autonomous Okrug
(NAO) and Novaya Zemlya islands (NZ). Winter distribution of thermal discomfort is fundamentally
different: the coldest regions (with extreme cold stress) are equally NZ and the eastern half of NAO; in-
termediate position is occupied by the west of the NAO and the extreme north-east of the Arkhangel-
sk region, the highest winter UTCI values are observed in the rest of the region. In Archangelsk-city ex-
treme cold stress in January has repeatability 6.7%, in February - 4%, in December - 2.2%, respectively.
The average number of time points during the year at which thermal stress is not observed is only 19%.
Obtained results will be the basis for planning relevant health measures and providing reliable forecasts
of the effects of climate change in the Arctic region.
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Introduction

Climate warming in the Arctic is proceeding faster  in harsh climates. In the 21st century the Arkhangelsk
than in other parts of the Russian Federation (Stre-  region became one of the most significant regions of
letskiy, Shiklomanov, & Nelson, 2012); therefore, an  the Russian Arctic: “Arctic Gate”. This was facilitated
assessment of existing and predicted climate risks is by the variety of natural conditions: from temperate
necessary. Arkhangelsk region is one of the most cli-  to arctic type of climate and from forest zone to arctic
mate-depending in Russian Arctic, so it is needed to  deserts. Also, the Arkhangelsk region is the most pop-
better understand the possible effects on public health  ulated of the Arctic regions of Russia: the population
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(2019) is about 1,144,000 people. This population is in-
volved both in tourism and in fishing, transport, mil-
itary and industrial spheres. The history of the region
is also rich: Arkhangelsk was the first seaport in the
Russian Empire in the 17-18 centuries.

Thus, it is reasonable to begin the assessment of the
bioclimatic potential in the Russian Arctic precisely
from the Arkhangelsk region. Episodic assessments
have already been made recently in the Arctic zone
of the Russian Federation - in the neighboring Mur-
mansk region, in urban conditions (Gommershtadt
et al., 2020). These were both assessments of thermal
comfort and the nature of the urban heat islands (Var-
entsov et al., 2018; Konstantinov et al.2015), which, of
course, were more likely to be made in urban cores.
Assessment of modern thermal comfort indices (e.g.
PET) in Russia in winter extreme climate conditions
was also performed for Russian Far East urban con-
ditions (Bauche, Grigorieva, & Matzarakis, 2013) in
2013 and for Russian South (Shartova, Shaposhnikov,
Konstantinov, & Revich, 2019).

It is important to note that, despite the promising
nature of the topic, there is not a large number of over-
lapping works in the world scientific literature either.
Trends of meteorological parameters in North of Sibe-
ria was discussed in (Maksyutova & Bashalkhanova,
2019); in Finland some trends of air temperature and
WCT (Wind Chill Temperature) described in (Foun-
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da et al., 2017), outdoor thermal comfort assessment
for Sweden in (Yang et al., 2017). The connected ur-
ban climate research: Surface Urban Heat Island re-
view for Fennoscandia was performed in (Miles &
Esau, 2020), assessment of Arctic cities as an anthro-
pogenic object in (Laruelle et al., 2019). Western Arc-
tic trends and statistics of thermal indices PET and
UTCI were illustrated for Canadian Quebec in (Pro-
vengal et al., 2016). Extreme-high latitude assessment
was made for Franz Josef Land in (Arazny et al., 2019).

Also some recent study aimed to assess the im-
pact of meteorological conditions on the use of pub-
lic space in Scandinavia and Canada. Overall results
showed that the most significant meteorological en-
ablers for the use of outdoor public spaces in winter
were solar gain, snowfall and snow-covered surfac-
es. Authors showed (Larsson & Chapman, 2020) that
winter public space has a higher climatic design re-
quirement to be successful than streets and pathways
that are mainly used for soft mobility.

So, aim of this research paper is an evaluation of
the spatiotemporal variability of thermal comfort
throughout the Arkhangelsk region using different
sources of meteorological data, namely, the gridded
reanalysis data for the period of 1981-2010 with spa-
tiotemporal resolution of (0.75°x0.75°x3 hours), and
regular weather observations for a longer period of 53
years (1966-2018), which are available in some cities.

Arkhangelsk-city (64°33'N 40°32'E) is located in a tem-
perate climate zone with some features of the marine
one, with short cool summers and long moderately
cold winters. Like the entire territory of the Arkhan-
gelsk region, the city belongs to the Arctic zone of
Russian Federation. The proximity of the Arctic Cir-
cle allows to observe white nights phenomenon from
May 17 to July 26. Due to the coastal location, fast
changes in weather conditions are habitual (e.g. cold
invasions from the Kara Sea are possible). The annual
temperature amplitude is 29.1 °C (Climate and weath-
er of Russia, 2019), summing up the average monthly
temperature of the coldest month - January (-12.7 °C)
and the warmest - July (16.3 °C). The minimum of all
the recorded temperatures was reached in 1885 and
amounted to -45.2 °C; maximum 34.4 °C in 1972. The
average annual rainfall is 606 mm per year.

Within the scope of this study, both spatial and
temporal characteristics of the distribution of biocli-
matic comfort within the Arkhangelsk region was de-
cided to evaluate by most commonly used technolo-
gies. Two modern indices of thermal comfort were
used as the main parameters: PET (Physiologically
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Equivalent Temperature) and UTCI (Universal Ther-
mal Climate Index).

PET index (Hoppe, 1984; Mayer & Hoppe, 1987;
Matzarakis et al.,, 1999) is calculated using the Hu-
man Energy-Balance Models for Individuals (MEMI).
It can be defined as the air temperature at which, for
ordinary room conditions, the thermal balance of the
human body remains unchanged with the tempera-
ture of the internal organs and skin temperature. In
addition to standard meteorological parameters (air
temperature, wind speed and relative humidity, radi-
ation and cloud cover), calculation of PET takes into
account the processes of human metabolism, activity
and thermal insulation properties of clothes. Current-
ly, PET is one of the most commonly used indicators
of human comfort. It is widely used in the field of bi-
ometeorology, especially for calculating the character-
istics of the tourist climate, heat stress values, and also
for urban planning in Europe, Asia and South Amer-
ica (Hoppe, 2002; Lin & Matzarakis, 2011; Lopes et
al., 2011; Matzarakis & Nastos, 2011; Mayer & Hoppe,
1987; Milosevic et al., 2016; Muthers et al., 2010; Para-
mita & Matzarakis, 2019; Unger et al., 2018).
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Figure 1. Location of the study area - Arkhangelsk region of Russian Federation: Archangelsk province,
the continental part of the Nenets Autonomous Okrug (NAO) and Novaya Zemlya islands (NZ)

UTCI is also based on the model of human heat
budget (Bajsanski et al., 2015; Havenith et al., 2012;
Jendritzky et al., 2012; Lam & Lau, 2018; MiloSevi¢
et al., 2017; Weihs et al., 2012). It is expressed as the

sulation of the air surface layers. These parameters
are exposed to changing wind speed and the move-
ment of the human body and, as a consequence, af-
fect physiological reactions. Thus, the modified in-

Table 1. Gradations of PET and UTCl indices (Matzarakis A.;Mayer H., 1996)

Thermal perception Grade of physiological stress | PET-values (Western and UTCl-values, °C
Eastern Europe), °C
Extreme cold Extreme cold stress <-40
Very cold Very strong cold stress <4 -40--27
Cold Strong cold stress 4-8 -27--13
Cool Moderate cold stress 8-13 -13-0
Slightly cool Slight cold stress 13-18 0-9
Comfortable No thermal stress 18-23 9-26
Slightly warm Slight heat stress 23-29 26-32
Warm Moderate heat stress 29-35 32-38
Hot Strong heat stress 35-41 38-46
Very Hot Extreme heat stress > 41 > 46

equivalent ambient temperature of the reference en-
vironment, providing the same physiological reac-
tion of the reference person in a real environment.
In contrast to PET, when calculating UTCI, not only
the heat-insulating properties of clothes are taken
into account, but also the vapor tightness and in-

sulating properties of clothing in a real environment
are taken into account.
The gradations of both indices are shown in the Ta-

ble 1'*:

! In current study slightly cool stress is joined with moderate one.
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PET and UTCI indices were calculated using the
Rayman Pro 3.1 diagnostic model (Matzarakis et al,,
2010) and meteorological data from the reanalysis da-
tabase ERA-Interim (Dee et al., 2011) or from obser-
vations at WMO weather stations. ERA-Interim rea-
nalysis database includes information about state of
the Earth’s atmosphere up to 10 hPa with a frequency
of 3 hours (surface data) with a horizontal resolution
of 0.75x0.75 degrees of the grid (1979-2018 period).

The original algorithm of processing the gridded
reanalysis data using RayMan software was devel-
oped by the authors. The reanalysis data in NetCDF
format was downloaded from ECMWF data portal
(https://apps.ecmwf.int/datasets/data/interim-full-
daily/levtype=sfc/) and used to assess the following
atmospheric variables: the 2 m air temperature and
2 m dew point temperature, wind speed at a height of
10 m, total cloud cover fraction, and surface tempera-
ture. These variables were further processed to fit the
RayMan input data requirements, which included cal-
culation of the relative humidity from the dew point
using the Magnus equation, unit conversation for the
cloud fraction, and bringing the wind from a height of
10 m to a height of 1.1 m using the logarithmic wind
profile and fixed roughness length parameter z0= 0.01
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m, which corresponds to a short cut meadow. After
preliminary processing, reanalysis data was saved in
column-separated text files (with columns that corre-
sponds to data & time, longitude, latitude, elevation
and listed meteorological variables) and used as input
for RayMan. The thermophysiological parameters in
RayMan were set up as follows: male, 35 years old, 1.75
m tall, with a weight of 75 kg, with an internal heat
production of 80 W, and a heat transfer resistance of
the clothing of 0.9 clo. Total computing time of the
algorithm for the whole territory of the Arkhangel-
sk region (including Arkhangelsk-province, NAO and
NZ) demanded 138 hours. After running the RayMan,
output text files with PET and UTCI indices were con-
verted back to gridded NetCDF format. Routines for
the listed data conversation operations were devel-
oped in Matlab software. Further statistical process-
ing of obtained data included the calculation of a set
of statistical parameters on PET and UTCI contem-
porary climatology for each reanalysis grid cell, in-
cluding the mean values, repeatability of the different
thermal stress categories and linear trend slope coef-
ficients for the means and as well as for repeatabilities.
During the calculations, blocks of PET and UTCI
containing fields zipped to 9.6 GB files were formed.

Results
100 — 1
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Figure 3. Mean UTCl-values in January (A) and July (B), mean PET-values in July (C)

Al (B

e

Figure 4. Spatial distribution of cold stress occurrence according to UTCI for the winter period (December-February) with
gradations: strong cold stress (A) , very strong cold stress (B) and extreme cold stress (C)

A (B

e

Figure 5. Spatial distribution of cold stress occurrence according to UTCI for the summer period (June-August) with
gradations: moderate cold stress (A), strong cold stress (B) and very strong cold stress (C)

next discomfort gradation: “very strong cold stress”.
But for “moderate cold stress” the frequency of occur-
rence in whole research area is close to 100%.

Cold stress gradations (Fig.5) during summer pe-
riod have a completely different geographical pattern:
high repeatability of very strong cold stress (above
70%) is observed in the northern half of the NZ archi-
pelago. The intermediate zone from 20 to 50% covers
the east of the NAO and the southern part of NZ. In
western part of the NAO and of Archangelsk province,
the recurrence of very strong cold stress does not ex-
ceeds 10%. The same values of repeatability in Arch-
angelsk province has “strong cold stress”, but “moder-
ate cold stress” on Novaya Zemlya is observed in 100%

of cases, and in the rest of the region not less than in
70% of cases.

Summing up the above patterns, we computed the
repeatability of days during which the PET and UTCI
parameters did not exceed the comfortable values for
the period under consideration (1981-2010) (Fig. 6)

Since the nature of the PET-index makes it more

“narrow” when calculating comfortable conditions, its
results differs with UTCI significantly. According to
the PET analysis of “completely comfortable” days
in the region, authors can state its complete absence.
In the same time “completely comfortable” days ac-
cording to the UTCI methodology are absent only in
White Sea coast and on Novaya Zemlya. On the south
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Figure 6. The spatial distribution of the frequency of days without heat stress
(when the daily minimum and daily maximum both simultaneously satisfy the
conditions) according to the PET (a) and UTCI (b) index

of the Archangelsk province there are no more than
15% of such days.

Discussing the spatial heterogeneity of the rates of
change of climatic comfort parameters over the past
53 years, we consider trends in the main six WMO
stations of the region. In Archangelsk province these
are Arkhangelsk, Kargopol’, Kotlas and Mezen’, in the
NAO - Narjan-Mar and in Novaya Zemlya - Malie
Karmakuly station (Figure 7). Moreover, we consid-
er here together both the trends in the average annu-
al air temperature, measured at a height of 2m above
ground, and the trends in the average annual value
of the UTCI index (since the trends are also estimat-
ed not only for summer but also for winter period, for
which the PET index is not applicable).

Discussing spatial inhomogeneity of trends we can
see from Figure 7 that in settlements Malie Karmaku-
ly and Mezen’, the positive trend of both parameters
is increasing approximately the same way, in the rest
cities - the UTCI increases more intensively over time
than air temperature. In all area UTCI and air tem-
perature trends are both positive: for UTCI trend is

Discussion and Conclusion

from 0.4°C/10 years in Malie Karmakuly up to 2°C/10
years in Narjan Mar and for air temperature doesn’t
exceed 0.6°C/10 years.

®

Figure 7. Spatial variability of 2m air temperature trends
(annual means) and UTCI-trends (annual means) for
Arkhangelsk province, NAO and NZ archipelago (far

north). Trends were calculated based on data on WMO-

stations for 1966-2018 period

As aresult of the study, the spatio-temporal variability
of modern bioclimatic conditions of the Arkhangel-
sk region was analyzed According to the methodolo-
gy of the PET analysis, “completely comfortable” days
in the region are not observed at all; according to the
UTCI method, it can be stated that there are no “com-
pletely comfortable” days only on the White Sea coast
and Novaya Zemlya Archipelago (NZ). In the south of
the Arkhangelsk region there are no more than 15% of
such days. At most stations in the region, the growth
rate of the average annual UTCI exceeds the growth
rate of the average annual air temperature (excluding
NZ region). On average, in Arkhangelsk for a year, ex-
tremely “warm” gradations of stress are not observed
at all, only in July the frequency of periods with mod-
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erate heat stress is 1.7%, in June and August it is less
than a percent. But cases of extreme cold stress can
be observed: in January - 6.7%, in February 4%, in
December 2.2%, respectively. The average number of
time slots during the year at which thermal stress is
not observed is 19%.

The few existing studies of thermal comfort in the
Arctic show a rather variegated picture in different po-
lar regions. Thus, an example of analysis of climatic
conditions on the North of Siberia shown that slight
warming (a rise of the air temperature) and small wind
speed variability during the period from October to
April in 1981-2015 resulted in a certain decrease in
weather severity in relation to the period 1966-1980.
However, the period 1981-2015 did not go beyond
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limit of the interannual variability. Despite the stable
increase in the air temperature in 1981-2015, no ten-
dency to reduction of the number of days limiting hu-
man’s stay in the open air was noted (Maksyutova &
Bashalkhanova, 2019). In Quebec City, Canada, a city
with a strong seasonal climatic variability, the UTCI
was found to be slightly more sensitive to mean ra-
diant temperature, moderately more sensitive to hu-
midity and much more sensitive to wind speed than
the PET. This dynamic changed slightly depending
on the environment and the season. In hot weather,
the PET was found to be more sensitive to mean ra-
diant temperature and therefore reached high values
that could potentially be hazardous more frequently
than the UTCI. In turn, the UTCI’s stronger sensitiv-
ity to wind speed makes it a superior index to iden-
tify potentially hazardous weather in winter com-
pared to the PET. The urban environment produced
favorable conditions to sustain heat stress conditions,
where the indices reached high values more frequent-
ly there than in suburban locations, which advocates
for weather monitoring specific to denser urban areas
(Provengal et al., 2016).

Significant differences, mainly the variability of me-
teorological conditions: air temperature, wind speed
and relative air humidity; and biometeorological indi-
ces: wind chill temperature, predicted clothing insula-
tion and accepted level of physical activity were noticed
on Franz Josef Land (in Teplitz Bay and Calm Bay) in
the years 1899-1931. It employs meteorological meas-
urements taken during four scientific expeditions to
the study area. The analysis mainly covered the peri-
od October—April, for which the most complete data set
is available. For that period of the year, which includes
the part of the year with the Franz Josef Land’s coldest
air temperatures, the range and nature of changes in
meteorological and biometeorological conditions be-
tween historical periods and the modern period (1981-
2010) were studied. The data analysis revealed that dur-
ing the three oldest expeditions (which took place in
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the years 1899-1914), the biometeorological conditions
in the study area were more harsh to humans than in
the modern period (1981-2010) or similarly harsh. In
contrast, during the 1930/1931 expedition, which repre-
sents the Early Twentieth Century Warming (ETCW),
conditions were clearly more favourable (including pre-
dicted clothing insulation being 0.3 clo lower and 4.0
°C higher wind chill temperature than conditions ob-
served nowadays) (Arazny et al., 2019).

In European region at higher latitudes cities like
Helsinki and Oulu exhibit particularly large warming
trends in both Tmax and Tmin during the cold peri-
od of the year. Specifically, the warming rates of Tmin
in winter is outstanding, exceeding 1 °C per decade.
Lower but statistically significant positive trends are
also observed in spring and summer. The frequency
of cold-related discomfort conditions in northern cit-
ies dropped by more than 20% in the last decade com-
pared to the decade 1976-1985. The decline is much
higher in risk or high-risk levels (WCT < -28 °C)
ranging from 36% at Oulu to 45% at Helsinki, also in
agreement with the increasing trends in the 2nd per-
centile corresponding to high risk values. Caution
heat conditions are becoming increasingly more fre-
quent during the last decade. Such conditions are al-
most missing in the 1970s, while ‘extreme caution’ cas-
es are not observed. Cities with colder local climates
become markedly less cold in winter and autumn,
with the warming rates in Tmax exceeding 0.7 °C/dec-
ade since the mid-1970s. The warming trends are even
more striking in the winter Tmin though, exceeding
1 °C/decade and reaching up to 1.4 °C/decade since
the mid-1970s (Founda et al., 2019).

For concluding it could be noticed that in Arkhan-
gelsk region, mainly, throughout the year, the condi-
tions of cold stress of varying intensity have a greater
frequency in the region. But in the same time the geo-
graphical location of the districts allocated according
to the conditions of discomfort does not coincide in
the summer and winter, respectively.
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