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ABSTRACT. This study compares three popular approaches to quantify the urban heat
island (UHI) effect in Moscow megacity in a summer season (June-August 2015). The
first approach uses the measurements of the near-surface air temperature obtained
from weather stations, the second is based on remote sensing from thermal imagery of
MODIS satellites, and the third is based on the numerical simulations with the mesoscale
atmospheric model COSMO-CLM coupled with the urban canopy scheme TERRA_URB.
The first approach allows studying the canopy-layer UHI (CLUHI, or anomaly of a near-
surface air temperature), while the second allows studying the surface UHI (SUHI, or
anomaly of a land surface temperature), and both types of the UHI could be simulated
by the atmospheric model. These approaches were compared in the daytime, evening
and nighttime conditions. The results of the study highlight a substantial difference
between the SUHI and CLUHI in terms of the diurnal variation and spatial structure. The
strongest differences are found at the daytime, at which the SUHI reaches the maximal
intensity (up to 10°C) whereas the CLUHI reaches the minimum intensity (1.5°C). However,
there is a stronger consistency between CLUHU and SUHI at night, when their intensities
converge to 5-6°C. In addition, the nighttime CLUHI and SUHI have similar monocentric
spatial structure with a temperature maximum in the city center. The presented
findings should be taken into account when interpreting and comparing the results of
UHI studies, based on the different approaches. The mesoscale model reproduces the
CLUHI-SUHI relationships and provides good agreement with in situ observations on
the CLUHI spatiotemporal variations (with near-zero biases for daytime and nighttime
CLUHI intensity and correlation coefficients more than 0.8 for CLUHI spatial patterns).
However, the agreement of the simulated SUHI with the remote sensing data is lower
than agreement of the simulated CLUHI with in situ measurements. Specifically, the model
tends to overestimate the daytime SUHI intensity. These results indicate a need for further
in-depth investigation of the model behavior and SUHI-CLUHI relationships in general.

KEY WORDS: urban heat island, UHI, SUHI, urban climate, mesoscale modelling, remote
sensing, thermal satellite images, land surface temperature, Moscow, MODIS, COSMO
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INTRODUCTION

An essential climatological feature of
most urban environments is the positive
temperature deviation from the rural sur-
roundings, which is known as the urban
heat island (UHI) effect (Oke 1982). The rel-
evance of UHI studies is related to its im-
pacts on ecosystems (Esau and Miles 2016),
assets and services of human society such
as damage to infrastructure and heating/
cooling demands (Davies et al. 2008) and,
most importantly, health and comfort of
the urban population (Buechley et al. 1972;
Dousset et al. 2011; Tan et al. 2010a). Nowa-
days, UHI studies mainly use three types of
data: in situ temperature observations, re-
mote sensing data (thermal satellite imag-
es) and climate model simulations, which
are described below.

Regular in situ temperature observations
are practiced at regular weather stations
of national hydrometeorological services
and other observational networks. They are
usually made at the height of 2 m above
the ground registering the near-surface
air temperature (hereafter referred as SAT).
SAT is one of the essential applied climate
variables (GCOS 2010) used, apart from oth-
er calculations, in the calculation of biome-
teorological indices (Emelina et al. 2014).
However, the regular weather stations are
usually located outside of the urban areas
or in urban parks that makes the data of
such observations inappropriate for urban
climate studies (Peterson 2003). Dense ur-
ban meteorological networks are created
for scientific and monitoring purposes (e.g.
Konstantinov et al. 2018), but only in a few
dozens of cities around the world (Muller
etal. 2013).

Remote sensing data is used to derive land
surface temperatures (hereafter referred as
LST) by the processing of thermal satellite

images. In contrast to highly fragmented
in situ measurements, satellite images pro-
vide a continuous and global spatial cover-
age. Such data can be subdivided into two
types: high spatial resolution data recorded
by ASTER, ETM +, TIRS imaging systems, and
low resolution data obtained by MODIS,
AVHRR and some others. Both data types
have their advantages: the high-resolution
data allows studying thermal structure of
urban landscapes in more detail (Zhu et al.
2002; Sobrino et al. 2012; Baldina and Grish-
chenko 2014), whereas the low-resolution
data offers a much higher sample frequen-
cy up to first dozens of minutes (Cheval
and Dumitrescu 2017).

It is important to note that remote sens-
ing and in situ data characterize different
meteorological variables: the land surface
temperature (LST) and the near-surface air
temperature (SAT). These variables are gen-
erally different from each other, and their
relationship is complex from a theoreti-
cal and empirical perspective (Yang et al.
2017). For example, on a hot summer day,
LST can reach 60-70°C while SAT remains at
about 30-35°C (Gornyy et al. 2016; Sobrino
et al. 2012). The UHI effect is pronounced in
the field of both variables, however the ur-
ban LST and SAT anomalies have different
patterns of spatial and temporal (diurnal
and seasonal) variations (Voogt and Oke
2003; Sheng et al. 2017; Sun et al. 2015).
Due to such differences, the UHI signal in
LST (hereafter referred as surface UHI or
SUHI) and UHI signal in SAT (hereafter re-
ferred as canopy-layer UHI or CLUHI) are
usually treated separately in modern urban
climate studies (Voogt and Oke 2003).

Historically, the UHI has been discovered
and studied for a long time as an anomaly
of in situ observations of SAT at urban sites
compared to rural areas. However, the rapid
development of remote sensing technolo-
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gies results in a recent exponential increase
of SUHI studies (Zhou et al. 2018). Remote
sensing data is now being used in a large
number of SUHI studies, including the re-
searches of the SUHI climatology (Choi et
al. 2014; Miles and Esau 2017; Peng et al.
2012; Zhou et al. 2013) and spatial structure
(Zhou et al. 2017) on the global or region-
al scale, and in more detailed theoretical
and applied studies for specific cities. For
example, Shen et al. (2016) and Gorny et
al. (2016) used the high-resolution remote
sensing data on LST to assess the urban
climate change in Wuhan (China), Saint-Pe-
tersburg (Russia) and Kiev (Ukraine). Dous-
setetal. (2011) applied the remote sensing
LST data to correlate environmental fac-
tors with a heat-related mortality for Paris
during a heat wave. Another example is a
series of urban climate studies for the city
of Bucharest (Cheval and Dumitrescu 2015,
2017).

In most SUHI studies the authors note the sig-
nificant differences between SUHI and CLUH],
but such difference does not prevent authors
from making fundamental or applied conclu-
sions on urban climatology. At the same time,
the relationship between the SUHI and CLUHI
still requires further detailed study (Zhou et
al. 2018).

Rapid development of computing technolo-
gies and numerical methods for representing
the processes occurring in the atmosphere
have opened wide opportunities for applica-
tion of the numerical modelling methods in
urban climate studies. Mesoscale atmospher-
ic models use a horizontal grid step of a few
km. They are able to simulate the meteoro-
logical regime of a big city (see e.g. Martilli et
al. 2002; Bohnenstengel et al. 2011; Wouters
et al. 2016) with high spatial and temporal
resolution, including the UHI effect and ur-
ban-induced mesoscale circulations, which
are known as “urban breezes” (Lemonsu and
Masson 2002). Such models could be used
for assessing the urban climate change sce-
narios (Krayenhoff et al. 2018; Wouters et al.
2017). However, practical and scientific appli-
cations of such models require their accurate
calibration and verification by comparing the
results obtained from the models and from
the observations. Remote sensing data al-

lows verifying the models for areas, including
the urban ones that are not covered by in situ
observations. However, the experience of us-
ing the remote sensing data for verification of
the mesoscale models for urban areas is very
limited due to a number of problems, which
are related to the presence of clouds, to the
LST dependence from the sensor view angle
and to the anisotropy of a three-dimensional
urban geometry (Hu et al. 2014).

Thus, in situ temperature observations, re-
mote sensing data and modelling methods
are actively used to study the UHIs. All of the
approaches have benefits and shortcom-
ings that are summarized in Table 1. Quite
often, these approaches are used together
(e.g. Konstantinov et al. 2015; Mariani et al.
2016; Sheng et al. 2017). However, there is a
lack of studies focused on assessment of the
contrasting behavior of the SUHI and CLUHI,
and the models performance in reproducing
such features. Moreover, such a comparison
has never been carried out for Moscow meg-
acity, despite the abundance of the UHI stud-
ies for Moscow within the framework of each
of the considered approaches (e.g. Grish-
chenko 2012; Climate of Moscow... 2017;
Lokoshchenko 2014).

Here, we present the simultaneous assess-
ment of the surface UHI and canopy-layer
UHI and their contrasting dynamics based
on three quantitative methods, namely in situ
observations, thermal satellite images and
high-resolution regional climate modelling.
We use the data on in situ SAT observations
obtained from a dense network of weather
and air-quality stations in the Moscow re-
gion to quantify the CLUHI and MODIS ther-
mal satellite images to quantify the SUHI. We
use the regional climate model COSMO-CLM
(Rockel et al. 2008), coupled with the specific
urban canopy scheme TERRA_URB (Wouters
et al. 2016) to simulate the meteorological
regime of the Moscow region, including the
both types of the UHI, with a high (1 km) spa-
tial resolution.

The aim of the study is the qualitative and
quantitative comparison of the UHI features,
which are evaluated according to the three
considered methods, and analysis of their dif-
ferences. We consider summer conditions, for
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Table 1. A brief summary of the benefits and shortcomings of the three considered

approaches to quantify the UHI

meteorological
observations

parameters are
also available);

resolution, e.g. 3 hours for
the most of regular weather

Approach to Analyzed
PP variable and Benefits Shortcomings

study the UHI
UHI type
SAT (other The most precise data on air . : .

: i (1) irregular and discontinuous
) measured temperature with relatively ’ S
In situ : spatial coverage, which is

weather high and regular temporal

usually especially poor in
urban areas;
(2) limited data access

Mesoscale
atmospheric
modelling

(other modelled
atmospheric,
surface and soil
variables are also
available); CLUHI,
SUHI and UHI'in
the ABL

eg. 1 kmand 1 hour; (3)
an opportunity to access
data on dozens modelled

variables for different vertical
levels;

(4) an opportunity to change

the model settings, land-use

CLUHI stations

(1) limited and irregular

(1) continuous and near- temporal resolution, e.g. 2

Thermal global spatial coverage; (2) daytime and 2 nighttime
satellite imaaes LST; SUHI high spatial resolution, e.g. 1 images per day for MODIS

9 km for MODIS system; system;
(3) easy data access (2) data is available only for
cloud-free conditions
) ) (1) the model simulations
(1) continuous spatial : }
: . require the computational
coverage; (2) high spatial

and temporal resolution resources and the external
SAT and LST ' data (initial and boundary

conditions, land-use data, etc);

(2) high-resolution simulations

are possible only for a limited
area;

(3) the models are not perfect

and may strongly deviate from

data, etc. in order to study
the model responses to
these changes

reality;
(4) model verification is a
necessary part of a model-
based study

which the UHI studies are more relevant, due
to the negative UHI impact on the biomete-
orological comfort. The summer of 2015 was
selected because of the availability of the in
situ data-for the biggest number of sites, in-
cluding several new automatic weather sta-
tions.

The study is structured as follows. The next
section (Data and Methods) provides a de-
tailed description of in situ observations,
remote sensing data and modelling tech-
niques. Section Results presents the results of
the comparison of three quantitative meth-
ods. Section Discussion interprets and dis-
cusses the revealed differences between the
methods. The last section (Conclusion) is the
conclusion; it gives the practical recommen-
dation for applied studies and actualizes the
needs for further theoretical studies.

DATA AND METHODS
The study area and in situ observations

The city of Moscow is the biggest mono-
centric urban agglomeration in Russia
and Europe with a population of about
16-17 million people (Cox 2018). The area
of the city (administrative unit of Russia) is
2561 km?, however it includes a wide area
known as“New Moscow’, which was joined
to the city in 2011, but remains practical-
ly unbuilt. The actual area of the city (ex-
cluding the suburbs and satellite cities) is
about 1000 km?. Moscow is densely built
with the midrise and high-rise block-hous-
es. According to the popular classification
of Stewart and Oke (2012), the prevailing
types of local climate zones (LCZs) in Mos-
cow are LCZ 5 (compact midrise) and LCZ
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6 (open high-rise), while the historical city
center is mostly covered by LCZ 2 (compact
midsize) and several industrial areas (LCZ
10) are scattered within the city (Samson-
ov and Trigub 2018). There are a number of
parks and urban forests in the city, including
the two biggest ones, Losiny Ostrov Nation-
al Park in the north-eastern part of the city
and Bitsa Park in the southern part of the
city. The area around the megacity is most-
ly covered by forests or croplands. The only
big water bodies in the Moscow region are
the water reservoirs located to the north of
Moscow.

The city of Moscow serves as an optimal
testbed for urban climate studies due its
size, flat and homogeneous surrounding
terrain, compact and relatively symmetric
shapes. The dense meteorological network
provides for in situ observations in the city
and in its surroundings. Long-term mete-
orological observations are carried out at
regular weather stations (hereafter referred
as WSs) of the national hydrometeorologi-
cal service (Roshydromet). Several WSs are
located within the urban area, including
Balchug WS in the city center and meteoro-
logical observatory of Lomonosov Moscow
State University (MSU) in an urban park.
More recent and denser networks include

automatic weather stations (hereafter re-
ferred as AWSs) of the national hydromete-
orological service and automatic air-quality
stations (hereafter referred as AAQS) of Bud-
getary Environmental Protection Institution
“Mosecomonitoring” The AWS network
has been developed since 2012, whereas
the AAQS network — since the 1990s. Me-
teorological observations at the AAQSs do
not comply with the standards of the World
Meteorological Organization (WMO) (e.qg.
the sensors are located at 4 m above the
ground instead of 2 m as directed by WMO
standards). Hence, AAQS data should be
used with caution. However, previous stud-
ies have shown that AAQS observations are
suitable for the analysis of the UHI in terms
of the daily-mean or mean nighttime tem-
peratures (Climate of Moscow... 2017).

In ourstudy, we use regular SAT observations
on 3-hourly intervals at 16 WSs (including 5
airport Wss), 11 AWSs and 37 AAQSs located
in Moscow and its surroundings (Fig. 1). The
basic study area is selected according to the
location of these stations. It spans an area
between 55.35 and 56.07 °N, and between
36.68 and 38.73 °E. Further comparison of
three considered approaches is performed
for this region. In addition, we use observa-
tions at 6 WSs located outside the central
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Fig. 1. Location of the weather stations, AWSs and AAQSs within the basic study area.
Red color indicates the weather stations with long-term observation data, yellow
color indicates the new observation sites (AWSs, AAQSs and two new airports). Urban
areas, forests and primary highways are shown according to OpenStreetMap data
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study region (Fig. 2) to evaluate the UHI
intensity according to in situ observations.
All observational data were collected in a
single database and processed by quality
control and gap filling routines; see details
in (Climate of Moscow... 2017).

In situ LST observations are also carried out
at the number of WSs. However, they are not
carried out at the AAQSs. It should be noted
that the measured LST characterizes the lo-
cal conditions at the point of measurement
and may not correspond to typical condi-
tions of the surrounding landscape, espe-
cially for urban conditions. For these reasons,
in situ data on LST is not used in our study.

Satellite images

As satellite data on the surface temperature,
we use the data of the MODIS (Moderate
Resolution Imaging Spectroradiometer) sen-
sor operating on the Terra and Aqua satel-
lites, namely the MOD11A1 and MYD11A1
rasters (data collection 6) with a grid spacing
of 1 km.The MODIS sensor captures images
in 36 channels of the visible, near infrared,
short-wave infrared and thermal infrared
ranges of the spectrum. The LST is deter-
mined from the channels 31 and 32 (10.78-
11.28 and 11.77-12.27 um, respectively) in
the range that accounts for the maximum of
the Earth’s radiation (10-12 um). This data is
available on the NASA Earthdata web-por-
tal (https://earthdata.nasa.gov/). The LST
values for the daytime and nighttime im-
ages are contained in the LST_Day_Tkm
and LST_Night_1km layers, respectively. For
the Moscow region, the registration time of
daytime (nighttime) Terra images is approx-
imately 11:30 (21:50) MSK, for Aqua images
— approximately 12:40 (02:30) MSK. Hence,
MODIS data can be used for UHI studies for
daytime (Terra and Aqua images), evening
(Terra) and nighttime (Aqua) conditions.
The zenith angle for the most of images is
25-30°.

For the further analysis, we selected images
with a cloud cover less than 25% within the
analyzed area, within a radius of 25 km and
10 km from the center of Moscow (three
conditions must be fulfilled simultaneous-
ly). In total, we selected 21 daytime and 9

nighttime images from the Terra satellite,
19 daytime and 14 nighttime images from
the Aqua satellite over the summer of 2015.
Based on the selected images, the average
LST was calculated. In order to avoid distor-
tion of the average LST by gaps in the data,
related with remaining cloud-covered pixels,
data for such pixels was restored using the
linear interpolation method from the data
on the neighboring pixels.

Regional mesoscale modelling

We use the limited-area mesoscale model
COSMO-CLM (Rockel et al. 2008) to simu-
late the meteorological regime of the Mos-
cow region. The model is developed by
the COSMO international consortium (Con-
sortium for Small-scale Modelling, www.
cosmo-model.org) and used for numerical
weather prediction in many countries of the
world, including Russia (Vil'fand et al. 2010).
The COSMO-CLM version of the model is
adapted for long-term simulations (Rock-
el et al. 2008). It is developed by the CLM
community (www.clm-community.eu) and
frequently used for regional climate studies.
The model provides a numerical solution
of nonhydrostatic thermo-hydrodynamical
equations describing compressible flow in
a moist atmosphere with given initial and
boundary conditions. Thermal and humidity
regime of the soil active layer is simulated by
the TERRA module, which takes into account
heat and humidity transport, evapotranspi-
ration and other processes in the soil (Doms
et al. 2011). Hence, the land surface tem-
perature, which is important in our study, is
a prognostic variable of the model.

The COSMO-CLM model is used in our study
for a dynamic downscaling of the ERA-In-
terim reanalysis data (Dee et al. 2011) for
the Moscow region. We use nested model-
ling domains D1, D2 and D3 (Fig. 2) with a
grid spacing of 12, 3 and 1 km, respectively.
These grids are designed in a rotated geo-
graphical coordinate system, where the
origin (0 °N, 0° E) is moved to the center of
Moscow. The inner model domain D3 cov-
ers the area of 180x180 km around Moscow
center. A more detailed description of the
simulations for Moscow is presented in pre-
vious studies (Varentsov et al. 2017a; 2017b;
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2018). It includes the description of the cali-
brated configuration of the model reducing
the systematic biases. The simulations are
performed for the period from 1 May to 31
August 2015.

The urban canopy model (UCM) TERRA_URB
(Wouters et al. 2016) is used to take into ac-
count the urban physics in terms of surface
energy and moisture exchanges including
the influence of street-canyon geometry.
TERRA_URB scheme provides the correc-
tions of the surface parameters (roughness

(a)

length, albedo, emissivity, heat capacity,
etc) within the framework of TERRA mod-
ule using the semi-empirical urban canopy
dependences. In contrast to more complex
UCMs such as TEB or BEM schemes (Mar-
tilli et al. 2002; Masson 2000), TERRA_URB
scheme does not consider the road, roof
and wall surfaces separately. Instead, the city
is considered as a horizontal surface with
radiative and thermodynamic properties
that complies to the structure of the urban
canopy. The anthropogenic heat flux (AHF)
is parameterized according to (Flanner 2009)

(b)

37°E

30

38°E

HE Tl [
0 100 200 300 0 20 40 60 80 100
Surface elevation [m] Urban fraction [%]

Fig. 2. The cascade-nested domains D1, D2 and D3 of the simulations with the
COSMO-CLM model, with surface elevation is indicated by the color scale, and water
surfaces - by the light-blue color (a). The detailed map of the inner D3 domain with
urban fraction is indicated by an additional color scale (b). The cyan circles in (b)
indicate the location of the WSs used for mean rural temperature assessment, the red
rectangle indicates the basic study area that corresponds to Fig. 1. Black lines in (b)
indicate the primary road network according to OpenStreetMap data
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taking into account the annual-mean value
together with its typical diurnal and annual
variations and the dependence of its annual
amplitude on the latitude. To describe the
heterogeneity of the urban surface, TERRA_
URB implements the so-called tile approach,
for which urbanized and natural parts can
coexist in each grid cell of the model. Hence,
the LST and SAT values, heat fluxes and other
soil or surface variables are simulated sepa-
rately for natural and urban tiles in each grid
cell of the model. The average values for
each grid cell are calculated taking into ac-
count the area fraction of urban and natural
tiles.

The application of the TERRA_URB scheme
requires the definition of several urban
canopy parameters for each grid cell of the
model. These parameters are: urban area
fraction (UF), annual-mean AHF, roof area
fraction, mean building height (H) and H/W
ratio, where W is mean street width. We use
original method of GlS-based analysis of
OpenStreetMap data to obtain these param-
eters (Samsonov et al. 2015; Varentsov et al.
2017b). The estimation of the mean annual
AHF for each grid cell of the model is based
on the estimate of its city-average value of
75 Wt/m? (Stewart and Kennedy, 2017). The
spatial distribution of the urban fraction is
shown in Fig. 2b. According to Wouters et al.
(2016), thermal and radiative properties (al-
bedo, emissivity, heat capacity and heat con-
ductivity) of the urban materials are defined
as constants over the urban area with minor
changes (albedo of the urban substrate was
set to 0.15; volumetric heat capacity was set
to 1.6:106 JK'-m?; heat conductivity to 0.8
W-KTm™).

The model output contains dozens of mete-
orological parameters, related to the atmo-
sphere, soil and land surface. In our study we
use the modelled SAT and LST values, avail-
able on 1-km grid of D3 domain with 1-hour
intervals.

Methodology for comparison of the three
temperature data types

The comparison of the three considered
approaches requires a geographical con-
sistency between the two gridded datasets

(MODIS images and COSMO-CLM simu-
lations) and the in situ observations. Since
the MODIS data and modelling results are
available on different grids, we use bicubic
interpolation to transfer MODIS data onto
the projection and the grid used in the
COSMO-CLM model. The further analysis
uses the COSMO-CLM grid. In order to take
into account possible discrepancies be-
tween the land-use data of the model grid
and the actual location of the observation-
al sites, a following method is applied. The
comparison of the modelling results and
in situ observations is performed for the
model grid cells that are selected among 9
nearest grid cells taking into consideration
the land use type (e.g. WS in urban envi-
ronment was compared with a grid cell
with a high urban fraction) (see details in
Varentsov et al. 2017a). The same grid cells
are used for the comparison of the in situ
and remote sensing data. Modelling results
available on hourly intervals and in situ data
available on three-hourly intervals are in-
terpolated in time for the registration time
of MODIS satellite images.

RESULTS

Moscow UHI according to remote sens-
ing data and in situ observations

In this section, the Moscow SUHI according
to MODIS-derived LST data averaged over
the selected cloud-free satellite images is
analyzed and compared with in situ SAT
observations. In order to quantify the SUHI,
we define the LST anomaly (ALST) as depar-
ture from the mean LST value (TO), which is
averaged over all rural grid cells within the
study area. Grid cells are classified as rural if
they are located outside of the 1 km (1 grid
cell) buffer around the urban cells (with ur-
ban fraction > 0).

The intensive SUHI is clearly identified both
for daytime, evening and nighttime con-
ditions (Fig. 3). The mean maximum ALST
reaches approximately 10°C at daytime,
5.5°Cat evening and 6°C at night. However,
there is a clear difference between the spa-
tial structure of the daytime and evening/
nighttime SUHIs. The daytime LST field is
characterized by high spatial variability
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(@)
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-6 -3 0 3 6 9
Temperature anomaly ALST [°C]

Fig. 3. Anomalies of the Land surface temperature (ALST) according to MODIS data,
averaged over selected daytime (a) and evening (b) Terra images and nighttime Aqua
images (c). Anomaly is defined as a difference between the LST and its mean rural
value TO (see details in text). Black lines indicate the primary highways according to
OpenStreetMap data, gray contours indicate urban grid cells, cyan points indicate
water grid cells
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and sharp gradients between the urban
and non-urban areas. The pronounced LST
anomalies are found in all urban areas, in-
cluding the city edges and small satellite
towns around Moscow, and there are sev-
eral isolated hotspots within the city. At the
same time, the urban parks and green ar-
eas appear as cool as rural landscapes out-
side of the megacity. The evening/night-
time LST field is smoother. The nighttime
SUHI is shaped as monocentric tempera-
ture anomaly, where the area of maximum
temperatures is located in the central part
of the city and extends from the north-
east to the south-west. The city center is
significantly warmer than urban periphery
and satellite towns. Moreover, the positive
anomaly is distributed over the few kilome-
ters outside of the urban areas. In contrast
to daytime conditions, the urban parks are
warmer than rural areas outside of the city.

The principal difference between the
daytime and nighttime conditions is also
found in terms of relationship between
the MODIS-derived SUHI and CLUHI, eval-
uated according to in situ data (Fig. 4). The
spatial patterns of the evening/nighttime
SUHI and CLUHI are highly correlated (R? >

0.7), and the range of urban-rural LST and
SAT differences is quite similar. Indeed, the
evening/nighttime SAT in the city center
(Balchug WS and nearest AAQSs) is 5-6°C
higher than in the rural areas, which is con-
sistent with evening/nighttime ALST max-
ima. In contrast, the correlation between
SAT and LST spatial patterns is much lower
during the daytime (R? = 0.4), while the LST
spatial variability is 2-3 times higher than
SAT variability. The city center is only 1.5°C
warmer than the rural areas (on average)
during the daytime in terms of air tem-
peratures, while the urban LST anomalies
exceed 10°C.

Comparison of the modelling results, re-
mote sensing and in situ data

The revealed difference between the
daytime and nighttime  SUHI-CLUHI
relationships is based on the comparison
of the MODIS LST data with a continuous
spatial coverage and in situ  SAT
observations that are highly fragmented
in space. We further use the modelling
results to check the revealed SUHI-CLUHI
relationships based on the data with a
continuous spatial coverage. In addition,

(a) Terra, day (b) Aqua, day (c) Terra, evening (d) Aqua, night
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Fig. 4. Relation between LST and SAT values according to in situ observation and
MODIS remote sensing data, averaged over selected daytime (a, b) and evening (c)
and nighttime (d) Aqua/Terra images. Circle markers indicate AAQSs, square markers
indicate WSs and AWSs. AAQS data is not used for daytime conditions. Color indicates
the urban fraction in the corresponding model grid cells. Red lines indicate linear
trends. The coefficient of determination (R?) and slope (k) of the linear trends are
shown for each panel. Red crosses indicate points that were excluded from linear
regression due to the specific microclimatic features of corresponding sites. Solid
black lines are one-to-one lines
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we consider the opportunity to use MODIS
LST data for the model verification as an
additional verification to the one that is
based on in situ observations.

Prior to comparison of the modelling results
and MODIS data, it is important to high-
light the key results of the model-obser-
vation comparison for air temperature and
other meteorological parameters, which
are presented in details in previous studies
(Varentsov et al. 2017a, 2017b, 2018). Such
comparison has shown that the model suc-
cessfully reproduces the summertime me-
teorological regime of the Moscow region

including the temporal variability of mean
rural temperature and CLUHI intensity for
the city center, including the diurnal and
synoptic-scale variations and extremes of
CLUHI intensity that reaches 8-9°C at calm
and clear nights (Fig. 5). The model also ade-
quately simulates the spatial structure of the
CLUHIin field of mean summer temperature
(Fig. 6). Approximately the same agreement
is found between the observed and simu-
lated SAT values, averaged over the specific
moments of registration of the selected sat-
ellite images (not shown).

The fields of modelled SAT and LST, aver-
aged over the moments of registration of
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Fig. 5. Temporal variation of the mean rural air temperature (top panel) and CLUHI intensity
for Balchug WS in the city center (lower panel) according to in situ observations and
modeling results during July-August 2015. Mean rural temperature is averaged for each
moment over nine rural WSs around Moscow (Fig. 2b); CLUHI intensity is defined as the
difference between the temperature at the urban station and the mean rural value. The mean
error (ME, °C), root-mean square error (RMSE, °C) and correlation coefficient (R) for model-
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the selected Terra images, are presented
in Fig. 7. Generally, the modelling results
are consistent with MODIS remote sensing
data (Fig. 3) in terms of spatial structure of
LST fields and SUHI spatial patterns. The
agreement is also found for the moments
of registration of the selected Aqua images
(not shown). However, the modelled SUHI
intensity largely exceeds the MODIS-de-
rived values: the modelled urban—rural LST
differences exceed 16°C, while the urban
LST anomaly according to MODIS data
does not exceed 10°C. The modelled SUHI-
CLUHI relationships confirm the results that
are obtained based on MODIS data and in
situ observations. The CLUHI and SUHI are
almost equally intensive at evening and
night, and their spatial patterns are strong-
ly correlated. R? coefficient of the correla-
tion between the modelled SAT and LST is
higher than 0.85 both for considered mean
nighttime and evening fields, both for ur-
ban and rural areas. At the daytime the
pronounced SUHI is loosely correlated with
a weak CLUHI, R? < 0.3. Moreover, the day-

(a)

- AL -Tn=21.3

(o)

Temperature anomaly ALST [°C]

time modelled CLUHI is weakly correlated
with urban area fraction, since the warmest
areas are shifted to the south-east of the
city and further to the south-eastern rural
areas.

In order to quantify the relationships be-
tween the modelling results and remote
sensing data, we present a comparison of
the MODIS-derived LST values versus mod-
elled LST and SAT values (Fig. 8). In contrast
to the very good agreement between the
modelling results and in situ observations
(Figs. 5,6) and general agreement between
the model and MODIS data on the CLUHI-
SUHI relationships discussed previously,
the agreement between the modelled
and MODIS-derived LST values is lower.
For the daytime conditions, in addition to
significant overestimation of the SUHI in-
tensity by the model, the spatial correlation
between the modelled and observed LST
values is quite weak (R?= 0.6 for all grid cells
and only =04 for urban grid cells) that re-
sults in the significant scatter of points in

(b)

(d)

Temperature anomaly ASAT [°C]

Fig. 7. Modelled fields of land surface temperature anomaly ALST (a, c) and surface
air temperature anomaly ASAT (b, d), averaged over the moments of registration of
the selected daytime (a, b) and evening (c, d) Terra images. Anomaly is defined as
the departure from the mean rural LST/SAT value T, (see details in text). Black lines
indicate the primary highways according to OpenStreetMap data, gray contours
indicate urban grid cells, cyan points indicate water grid cells. Note that the color scale
is different for daytime SAT and LST field
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Fig. 8a. The correlation between modelled
and MODIS-derived LST is stronger for the
evening and nighttime conditions (Fig. 8b,
¢, R? > 0.6 both for rural and urban grid
cells). However, the model slightly underes-
timates the LST spatial variability, especially
for nighttime conditions (slope coefficient
of the linear trend k < 1). Surprisingly, even
better agreement is found between the
MODIS-derived LST and modelled SAT (Fig.
8e, f) in terms of the correlation (R? > 0.8 for
urban grid cells) and trend slope (kis closer
to 1). In other words, the SUHI in the field

of the MODIS-derived LST is closer to the
modelled CLUHI rather than the modelled
SUHI. In contrast to nighttime conditions,
the correlation between modelled SAT and
MODIS-derived LST is very weak (R? = 0.3)
for a daytime (Fig. 8d).

DISCUSSION

The presented results show substantial dif-
ferences between CLUHI and SUHI, which
are expressed in the diurnal course and
spatial structure of the urban temperature
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Fig. 8. Comparison of the MODIS-derived LST values and modelled LST (a-c) and SAT
(d-e) values, averaged over the periods of registration of the selected satellite daytime
(a, d) and evening (b, e) Terra images and nighttime Aqua images (c, e). Water grid
cells are excluded from the analysis. Dotted lines indicate the linear trends, built for all
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Determination (R?) and slope (k) coefficients for these trends are shown in each panel.
Solid black lines are one-to-one lines
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anomalies. The SUHI is more pronounced
during the day, while the CLUHI is more
pronounced in the evening and night. The
difference between CLUHI and SUHI was
known before (Voogt and Oke 2003), how-
ever it is often not sufficiently considered
in recent urban climate studies (see the
literature review in the introduction). In ad-
dition, CLUHI-SUHI relationships are often
considered separately from the physical
processes in the atmospheric boundary
layer (hereafter referred as ABL) and its low-
est part, known as the surface layer.

The interpretation of the CLUHI-SUHI rela-
tionships with respect to the ABL processes
is provided below. On a clear summer day,
urban surfaces heat up more strongly in the
countryside due to the smaller albedo, less
heat consumption for evaporation, specific
features of the urban geometry and oth-
er factors (Oke 1982; Ryu and Baik 2012),
which determines a pronounced SUHI.
However, in such conditions, atmospheric
turbulence is well developed that deter-
mines the intensive mixing within the ABL,
which reaches a height of 1-2 km during
the day (Oke 1987). Intense vertical and
horizontal turbulent mixing smoothens
the local influence of various surface types
on the thermal regime of the surface lay-
er of the atmosphere, hence, weakens the
CLUHI. At the same time, the intensive mix-
ing leads to an intense redistribution of
the daytime urban excess heating over the
lower atmosphere up to 1 km above the
ground (Wouters et al. 2013; Varentsov et
al. 2018). Good mixing within a deep ABL
results in the weakest correlation between
the daytime SAT and LST values, which was
also found beyond the UHI studies, e.g. in
a regional study for Northeast China (Yang
etal. 2017).

After sunset, the surface cools rapidly due
to radiation cooling. The lower troposphere
becomes stably stratified; the intensity of
the vertical turbulent heat exchange be-
tween the surface-layer (canopy layer) and
the upper atmosphere strongly decreases.
The mixed-layer height is at least eight to
ten times smaller during the night than
during the day so that urban heat release
is distributed over a significantly smaller

depth (Bohnenstengel et al. 2011). As a
result, the nighttime UHI over a megacity
typically extents to the lower troposphere
for 100-150 m only (Wouters et al. 2013;
Varentsov et al. 2018). Within the cano-
py layer the UHI is much more intense at
nighttime than at daytime. In contrast to
a stable nighttime surface layer over rural
areas, the stratification remains neutral in
a surface layer over the city (Wouters et al.
2013) that means the near-zero SAT-LST dif-
ference. This explains the significantly bet-
ter match between the CLUHI and SUHI at
evening and night.

At the same time, the role of horizontal
transport increases in the thin stable ABL,
which affects the UHI spatial structure.
During the day, the SUHI is mainly deter-
mined by local properties of the underly-
ing surface, first of all, by the presence of
impervious urban surfaces or pervious
green-covered surfaces. These features
determine the sharp LST gradients and
presence of the several isolated hotspots
within the city. At night, the non-local ef-
fects established by atmospheric advec-
tion (transport of excessive heat within the
city or further downwind to the suburbs)
and horizontal turbulent mixing become
larger and lead to smoother temperature
gradients and monocentric SUHI spatial
structure with a temperature maximum in
the city center. Such differences between
daytime and nighttime SUHI spatial pat-
terns are consistent with MODIS-derived
results for other cities (Cheval and Dumi-
trescu 2015; Sun et al. 2015; Zhou et al.
2015). The nighttime SUHI spatial patterns
for Moscow are also consistent with spatial
patterns of CLUHI according to the in situ
observations (Climate of Moscow. .. 2017).

The modelling results are generally con-
sistent with mechanisms described and
are in a good agreement with in situ ob-
servations on the CLUHI spatiotemporal
variations. However, the simulated daytime
SUHI intensity substantially exceeds the
corresponding MODIS-derived values. The
agreement between remote sensing data
and modelling results is much better for
the nighttime and evening conditions, but
surprisingly the MODIS-derived SUHI cor-
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relates more strongly with the modelled
CLUHI than with modelled SUHI.

A number of explanations could be pro-
posed for such model behavior. Firstly,
the remote sensing data for urban areas
does not characterize the temperature of
a horizontal Earth surface, but reflects the
thermal conditions of the 3-dimensional
urban canopy, which also includes shad-
ed and unshaded walls, elements of street
and yard greening, etc. Such objects are
located above the surface that makes their
temperatures closer to the surrounding air
temperature. However, within the frame-
work of the COSMO model and the TERRA_
URB scheme, the simulated LST reflects the
state of a uniform horizontal surface, the
properties of which are adjusted in such
a way as to ensure the adequate repro-
duction of the components of the surface
thermal balance and SAT. Secondly, the
model uncertainties may be related with
thermal and radiative properties of urban
materials. These properties may be crucial
for the SUHI intensity, but in our study they
were defined as constants over the urban
area because of the lack of information on
urban materials. Such inaccuracies may
be combined with uncertainties of other
parameters, which are important for sim-
ulation of the surface energy balance and
which were not verified in detail in previous
studies for TERRA_URB scheme and other
UCMs (e.g. the surface layer resistances or
roughness length for temperature). Final-
ly, the deficiencies of remote sensing data
may lead to discrepancies between the LST
fields, particularly because of the possible
uncertainties of the emissivity mask that is
used for LST calculation (Hu et al. 2014).

In either case, the revealed discrepancies
between the model and observations
should be investigated in more detail in
further research, also with application of
additional alternative observational prod-
ucts (e.g. remote sensing data of higher res-
olution, airplane-based and tower-based
radiative measurements, in situ LST obser-
vations).

CONCLUSION

In the presented study, we have analyzed
the summertime UHI effect for the city
of Moscow using three independent ap-
proaches and corresponding datasets:
the dense in situ SAT observations, MODIS
remote sensing LST data and high-resolu-
tion mesoscale modelling with the COS-
MO-CLM model and urban canopy pa-
rameterization TERRA_URB. Comparison of
these three approaches was made for the
city of Moscow for the first time. The results
of the comparison revealed the principal
difference between urban SAT and LST
anomalies (known as CLUHI or SUHI re-
spectively), and between the daytime and
nighttime CLUHI-SUHI relationships. The
differences between CLUHI and SUHI are
consistent with a general understanding
of the ABL processes and are confirmed by
the modelling.

Generally, we found that the model and
observations are in good agreement, par-
ticularly for daytime and nighttime CLUHI
(in comparison with in situ observations),
and for nighttime SUHI (in comparison with
MODIS remote sensing data). However, the
correspondence is substantially lower for
the daytime SUHI, the intensity of which
is substantially overestimated in the mod-
el. In addition, the modelled CLUHI corre-
sponds to the observed SUHI surprisingly
better than the modelled SUHI for evening
and night.

The study appeals for further in-depth in-
vestigation of the feedbacks between the
CLUHI, SUHI and ABL, including the devel-
opment of the urban conceptual ABL mod-
els for investigation of the role of the ABL
processes in the CLUHI-SUHI differences
(e.g. Droste et al. 2018; Wouters et al. 2019);
and for more comprehensive model verifi-
cation studies for urban areas.

Finally, the presented results allow us to
draw a number of recommendations
about the applications of the considered
temperature datasets in urban climate re-
search and related fields.

1. The CLUHI is not equivalent to the SUHI,
especially for daytime conditions. Accord-
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ingly, remote sensing LST data cannot be a
direct and universal replacement of in situ
SAT observations data for urban climate
studies. However, there is a stronger con-
sistency between the nighttime CLUHU
and SUHI. Hence, any comparison of clima-
tological statistics on the CLUHI and SUHI
intensities should be done with a great
accuracy and taking into consideration the
different CLUHI-SUHI relationships for the
daytime and nighttime conditions.

2. The mesoscale model coupled with ur-
ban canopy models are able to successfully
simulate the urban climate features for such
a big city as Moscow. However, the good
agreement between the modelling results
and in situ observations on the CLUHI fea-
tures does not automatically mean the
same good agreement between model-
ling results and MODIS data on the SUHI
features. Despite the very good agreement
in CLUHI, presented results highlight po-
tential misunderstanding of the urban-at-
mosphere interaction processes. Tackling
these issues could offer great potential to
further improve the urban atmosphere
feedbacks in mesoscale atmospheric mod-
elling and our understanding of the urban
climate system.

3. The application of the remote sens-
ing data for verification of the mesoscale
modelling results for urban areas requires
accuracy and careful consideration of the
specific features of the model parametri-
zations and satellite images. Therefore, we
recommend to focus on such tasks firstly in
the nighttime conditions, since at night the
agreement between remote sensing data,
in situ ebservations and modelling results
on both types of UHI is much better than
in the daytime conditions. If possible, an
integrated and comprehensive approach
to model verification should be applied,
based on both in situ and remote sensing
data.

The above mentioned does not belittle
the importance of remote sensing data as
one of the important data sources for ur-
ban climatology. In addition to the SUHI
studies and the model verification, re-
mote sensing LST data could be used for
regression modeling of SAT and biomete-
orological comfort indices as one of the

predictors (Ho et al. 2016), for estimating
anthropogenic heat fluxes (Chrysoulakis et
al. 2018), for the diagnosis and monitoring
of urbanization processes (Shen et al. 2016;
Tan et al. 2010b; Weng and Lu 2008), for
mapping the development and function-
al zones of urban areas (Grishchenko and
Ermilova 2018) and for integrated analysis
of local climatic features together with the
in situ measurements (Konstantinov et al.
2015; Cheval and Dumitrescu 2017). Since
the agreement between CLUHI and SUHI
increases in the absence of intense solar
heating, remote sensing LST data becomes
especially valuable for urban climate stud-
ies in nighttime conditions and in the con-
ditions of mid-latitude and Arctic winter. In
either case, the joint use of in situ, remote
sensing and modelling data could increase
the value of UHI and urban climate studies
if the relationships between the different
methods are taken into consideration.
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Abbreviation list

ABL — atmospheric boundary layer

AWS — automatic weather station

AAQS  —automatic air quality station
CLUHI — canopy-layer urban heat island
COSMO — the atmospheric model, devel-
oped by Consortium for Small-Scale Mod-

LST — land surface temperature

MODIS — Moderate Resolution Imaging
Spectroradiometer

MSU — Moscow State University

SAT — surface air temperature

SUHI — surface urban heat island

UF — urban fraction

UHI — urban heat island

elling WMO — World Meteorological Organization
COSMO-CLM — the version of the COSMO WS — regular (non-automatic) weather sta-
model adapted for long-term simulations tion
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