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Abstract. Persistent warm urban temperature anomalies — urban heat islands (UHIs) — significantly enhance
already amplified climate warming in the Arctic. Vulnerability of urban infrastructure in the Arctic cities urges
a region-wide study of the UHI intensity and its attribution to UHI drivers. This study presents an overview of
the surface and atmospheric UHIs in all circum-Arctic settlements (118 in total) with the population larger
than 3000 inhabitants. The surface UHI (SUHI) is obtained from the land surface temperature (LST) data
products of the Moderate Resolution Imaging Spectroradiometer (MODIS) archive over 2000-2016. The at-
mospheric UHI is obtained from screen-level temperature provided by the Urban Heat Island Arctic Research
Campaign (UHIARC) observational network over 2015-2018. Several other UHI studies are included for com-
parisons. The analysis reveals strong and persistent UHI during both summer and winter seasons. The annual
mean surface UHI magnitudes vary from —0.6 °C (Hammerfest) to 4.3 °C (Murmansk). Thus, the observed UHI
is likely an important climatic factor that must be included in future adjustment of urban construction, safety,

and environmental quality codes.

1 Introduction

Series of extreme climate events (forest and tundra fires,
summer heat waves) in high northern latitudes attracts pub-
lic attention to persistent and amplified Arctic warming. The
surface air temperature is set to break a record in 2020, ex-
ceeding 435 °C in June—July in many places north of the po-
lar circle. Warmer winter and summer temperatures bear sig-
nificant risk of permafrost degradation, changes of hydrolog-
ical balance as well as ecological threats in the region. Hjort
et al. (2018) provide a detailed map of geo-technical risks
for urban and transport infrastructure in relation to climate
change. Khrustalyov and Davidova (2007) provide more spe-
cific estimations of reliability of building foundations in sev-
eral Russian Arctic cities on permafrost in connection with
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global warming projections. They concluded that additional
temperature rises by 0.5 °C (by 2050) may cause the foun-
dation reliability coefficient to decrease by 20 %; soil bear-
ing capacity in the Arctic cities has already decreased by
20% to 40 % (Streletskiy et al., 2012). Economic costs in
a multi-billion class are associated with warmer tempera-
tures (Streletskiy et al., 2019). Additional warm anomalies
in the urbanized areas — urban heat islands (UHIs) — are not
accounted for in the vulnerability and climate change stud-
ies. Studies of Siberian (Miles and Esau, 2017; Konstantinov
et al., 2018), Fennoscandian (Varentsov et al., 2018; Suomi,
2018; Miles and Esau, 2020), and circum-Arctic (Esau et
al., 2020) cities disclose that at present urban Arctic may
have temperature anomalies that are expected by 2050 on the
region-wide scale. The Arctic cities however remain severely
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understudied. A comprehensive recent meta-analysis and re-
view of the global UHI studies by Zhou et al. (2018) clearly
demonstrates this knowledge gap. Our study presents the sur-
face UHI in all Arctic cities as well as an updated compila-
tion of the remotely sensed and in situ defined UHI for sev-
eral selected cities and towns.

2 Data

We utilize a high spatial resolution (1 km) land surface tem-
perature (LST) data product MOD11A2 over 2000-2016
from the MODerate-resolution Imaging Spectroradiome-
ter (MODIS) archive. The spatial (1 km) and temporal (8d
composites) resolution of this data product is sufficient to es-
timate surface UHI by different methods. We developed an
independent surface UHI dataset. This dataset is free to use
and can be downloaded from the Arctic Data Center as de-
scribed in Miles (2020). The dataset covers all Arctic cities
and towns with the population of more than 3000 inhabi-
tants. Urban et al. (2013) evaluated accuracy of the MODIS
and other LST datasets against in situ observations in north-
ern high latitudes. The study concludes that the MODIS data
have a high accuracy with the mean difference ranging from
0.82 K (woodland) to 1.79 K (shrubland). The surface UHI
by Chakraborty and Lee (2019) utilizes the same MODIS
archive but a different detection method, which miss or ren-
der irrelevant many Arctic urban areas.

In situ data in our compilation are taken from a Urban
Heat Island Arctic Research Campaign (UHIARC; avail-
able from http://urbanreanalysis.ru/uhiarc.html, last access:
2 May 2021) network and published urban climate studies.
The UHIARC is a dense observational network of screen-
level (i.e. placed approximately at 2m above ground) tem-
perature loggers (iButton) and automatic weather stations
(Davis Vantage Pro2) in several mid-sized cities (Apatity,
Murmansk, Vorkuta, Salekhard, Nadym, Novy Urengoy, No-
rilsk) that was run between 2015 and 2018 (Konstantinov et
al., 2018). Reported accuracy of both types of the temper-
ature sensors is 0.5 K. The UHI intensity in the UHIARC
is determined as a mean difference between urban and rural
temperature observations. Varentsov et al. (2018) compared
the UHI from UHIARC and the surface UHI from MODIS
LST as well as from meteorological modeling in the Apatity
city.

3 Method

The surface UHI identification method has been detailed
in Miles and Esau (2017, 2020). Using the MODIS LST
data, we determine the surface UHI with a buffer-zone
method (BF-UHI) as

AT =Ty, — (T), (1

Adv. Sci. Res., 18, 51-57, 2021

where the maximum temperature of the city polygonis Ty,
and the mean temperature of minimally developed land (nat-
ural land use — land cover (LULC) types) outside the city
is (TR); the angular brackets represent spatial averaging. Fig-
ure 2 illustrates the method in the case of Vorkuta (Russia).
The buffer-zone method is robust and popular in compara-
tive urban climate studies (e.g., Zhao et al., 2014; Li et al.,
2017). The obtained surface UHI magnitude is insensitive to
the amount of urban and rural pixels (Tan and Li, 2015).
The Chakraborty and Lee (2019) method (SUE-UHI) de-
fines AT as the difference between the averaged LST over
all urban and all non-urban LULC pixels (excluding wa-
ter pixels) within the same densely populated “urban” area.
The SUE-UHI method provides lower surface UHI intensity
(magnitude) than the BF-UHI method because the latter uti-
lizes not the mean but the maximum urban temperature.

Our choice of the BF-UHI method requires certain jus-
tification. Indeed, urban climate literature provides several
methods to identify and quantify the urban temperature
anomalies; a choice of a specific method depends upon pur-
poses of the study. Our BF-UHI method - the difference be-
tween the maximum urban temperature and the mean rural
buffer temperature — is more adequate for estimations of eval-
uate environmental risks, e.g., the geotechnical hazard risk
due to permafrost thaw (Hjort et al., 2018), and to guide con-
struction codes in the urban areas. The BF-UHI method has
a strong physical support. Local meteorological studies indi-
cate that the UHI has a spatial structure of a urban dome with
maximum temperatures located in the geometrically central
areas. A dome-shaped temperature anomaly could be approx-
imated with a single-parameter exponential dependence on
the urban radius vector, r, (e.g., Hidalgo et al., 2010; Fan
et al., 2017; Esau et al., 2019). This single parameter is the
maximum urban temperature anomaly, T, (7). This univer-
sal scaling dependence allows for comparing the UHI inten-
sities in a consistent way for such a spatially diverse objects
as cities. This scaling is also valid for Vorkuta. One can see in
Fig. 2 that majority of cold pixels are located on the outskirts
of the city. Many cities in the Arctic are in the coastal zone.
We noticed that the ocean has a cooling effect on the urban
edges that may lead to underappreciation of the apparent UHI
intensity. In the case of Bodg, the ocean has an impact on two
urban edge pixels with the mean summer LST of 5.6 °C. Av-
eraging over urban pixels will almost eliminate the UHI in
Bodg, whereas the real UHI is strong in this city with the
summer maximum LST in the central pixel of 10.3 °C. The
average difference between the maximum and average LST
within the urban polygon for all studied cities is 0.7 °C. Fur-
thermore, the BF-UHI method is beneficial when applied to
smaller cities with just a few urban pixels. It does not depreci-
ate the surface UHI when the city polygon embeds non-urban
swaths as it has been pointed out by Smoliak et al. (2015).
Conversely, it does not favor any specific type of non-urban
surface that might be found around, e.g., it does not favor
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Figure 1. Annual mean magnitude of the surface urban heat islands (the surface UHI intensity) in (a) 118 circum-Arctic cities with more
than 3000 inhabitants, and (b) 57 Fennoscandian cities. Data: MODIS LST for 2000-2016.

urban forest as a dominant non-urban surface within urban
boundaries.

4 Results and discussion
The Arctic UHI shows rather large magnitudes of the an-

nual mean and seasonal mean LST anomalies. We present
an overview of such anomalies in the following discussion.
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The largest cities show the mean winter SUHI magnitude
of 5.5°C. Most cities (75 %) have the anomalies between
0.5 and 2.5 °C. The SUHI magnitude however depends on
the land use — land cover type composition around the cities
(Esau and Miles, 2018). Figure 1 presents the geographical
distribution of the SUHIs in all 118 included settlements in
the region. Table 1 provides more details for the UHI in sev-
eral cities. We observe that different methods give rather dif-
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Figure 2. Example of the surface urban heat island in Vorkuta (Russia). Left panel: georeferenced satellite image of the city with su-
perimposed urban boundary by the dashed line; right panel: superimposed mean winter LST in the same area. Red colours show higher
temperature, blue colours — lower temperature. The warmest central urban pixels (1 x 1 km?) are clearly identifiable. Data: averaged MODIS
LST for December—February 2000-2016. Source: Esri, Digital globe, GeoEye, Earthstar Geographics, CNES/Airbus DS, USDA, USDS,

AeroGrid, IGN, and the GIS user community.

ferent magnitudes of the atmospheric and surface UHI for
each of the listed cities. However, all methods identify con-
siderably warmer temperatures in the urban areas. Moreover,
smaller towns also reveal prominent surface UHIs.

The seasonal (winter to summer) differences in the SUHI
magnitude are not as large as it could be expected extrapolat-
ing the results for temperate climate cities (Zhou et al., 2013).
Studies of the temperate cities attribute the large SUHI to ab-
sorption and storage of incoming solar radiation by darker
and dryer urban surfaces. Thus, the SUHI magnitude max-
imizes in summer when the radiation peaks. The incom-
ing solar radiation is intense in the summertime, snow-free
Arctic. Snow cover and low solar angles in the wintertime
Arctic make it insignificant energy source. Simultaneously,
low temperatures require intensive heating with the anthro-
pogenic heat release of 50 W m~2 or more (Varentsov et al.,
2018), which in combination with the trapping surface-layer
inversions (Davy and Esau, 2016) is sufficient to support the
observed UHI magnitudes. The SUHI magnitude does not
show a strong direct correlation with the city population; the
coefficient of determination is 0.62-0.65 (Miles and Esau,
2017, 2020).

Our overview reveals no simple homogeneous dependence
between SUHI intensity and geographical or climate fac-
tors in the Arctic. Even urban agglomerations, such as those
around Murmansk, Apatity and Oulu (Fig. 1b), are composed
of towns with very different SUHI. Explanatory power of the
Manoli et al. (2019) model is also low in the Arctic climate.
The in situ UHIARC observations suggest that trapping of
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urban heat in shallow atmospheric boundary layers plays an
important role in shaping the urban temperature anomalies
(Davy and Esau, 2016; Konstantinov et al., 2018). Extensive
literature reviews that were compiled for our study (with at-
tention to the Arctic cities) as well as one more general found
in Zhou et al. (2018) reveal scarcity and fragmentation of the
in situ UHI studies in cold climates.

5 Conclusions

We derived the surface UHI (SUHI) in all Arctic cities and
towns with more than 3000 inhabitants. The study reveals
that the SUHI magnitudes are rather large — comparable with
those in significantly larger low- and mid-latitude cities. A
comprehensive meta-review could be found in Brozovsky et
al. (2020). We conclude that environmental and urban design
factors scaling the Arctic SUHI intensity require more de-
tailed studies as no obvious dependences reported to the tem-
perate climate cities could be easily identified. At the same
time, the MODIS dataset provides a consistent and continues
information in space and time for all Artic places making
the results intercomparable. These 0.5 to +4.3 °C annual
mean LST anomalies should be added on the top of already
amplified climate warming in the circum-Arctic region. In
fact, the urban climate measured by the LST corresponds to
the expected regional temperature change by 2040-2080 and
beyond (Esau et al., 2020).
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Table 1. The UHI intensity in several selected Arctic cities. Data from Esau et al. (2020) and Miles and Esau (2020) updated. NA stays not
“Not Applied” specifying absence of data. LULC provides information about the dominant aggregated land use — land cover (LULC) type
in the buffer zones following the classification of Esau and Miles (2018). The BF-UHI values are given for 2000-2016 period; other values

are given as in the respective cited works.

City LULC UHI Comment
Summer Winter Annual
Fairbanks Woodland 0.0 0.7 0.3 Magee et al. (1999)
0.4 0.0 0.1 SUE-UHI
3.0 1.3 2.2 BF-UHI
Tromsg Spare 2.7 4.3* 3.5% BF-UHI
vegetation/
water bodies
Longyearbyen  Bare areas/ 0.6 0.8 0.7 Nordli (2010)
water bodies
Murmansk Spare 0.2 0.9 0.6 Yakovlev (1972)
vegetation NA 3.0 NA UHIARC
0.6 1.4 0.9 SUE-UHI
32 5.5% 4.4* BF-UHI
Lahti Woodland/ 5.7 4.1 5.1 95 %-til (Suomi, 2018)
water bodies
Apatity Woodland NA 1.0 NA UHIARC
2.5 1.1 1.8 BF-UHI
Vorkuta Shrubland NA 1.1 NA UHIARC
1.2 0.7 0.8 SUE-UHI
1.8 2.4 2.1 BF-UHI
Salekhard Spare 1.5 1.7 1.6 BF-UHI
vegetation NA 14 NA UHIARC
Nadym Shrubland 0.9 2.3 1.6 BF-UHI
NA 0.9 NA UHIARC
Novy Urengoy  Grassland 1.4 1.8 1.6 BF-UHI
NA 1.1 NA UHIARC
Norilsk Grassland 0.6 0.3 0.5 SUE-UHI
2.7 32 3.0 BF-UHI

* The large SUHI is due to warm open water sea surfaces in the buffer zone.

Data availability. The complete dataset for this
study is available from Miles (2020) or through
https://doi.org/10.18739/A2TBOXWA4T.
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