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Ab stract—The re sults of sur face tem per a ture mea sure ments in the Mos cow re gion by Aqua and Terra
sat el lites are pre sented for the pe riod of 2008–2015. High cor re la tions be tween ra di om e ter data and sta -
tion data on air tem per a ture and sur face tem per a ture from the Me te o ro log i cal Ob ser va tory of Mos cow
State Uni ver sity are re vealed. How ever, sta tion data on sur face tem per a ture in sum mer are over es ti -
mated by 15°C as com pared with sat el lite data due to the strong heat ing of the na ked site with ground
ther mom e ters. The mean in ten sity of sur face ur ban heat is land in Mos cow DT is 2.6°C; it poorly de -
pends on the se lec tion of bound aries of com par i son of the outer area  with the city (at dis tances >60 km
dif fer ences do not ex ceed ±0.1°C). Nu mer i cal ex per i ments dem on strate that if the cloud cover is not
higher than 20% of the city area and 50% of the re gion area, a dis place ment in the es ti mates of DT is
small (±0.2 of the value). Ac cord ing to sta tion data at the time of sat el lite flights, the ur ban heat is land
in ten sity in the air tem per a ture field over Mos cow is lower than the cor re spond ing in ten sity in the sur -
face tem per a ture field ob tained from sat el lite data due to the sparse ground me te o ro log i cal net work and
in com plete rep re sen ta tive ness of sta tion data (four of five city sta tions are lo cated in green park zones).
Ac cord ing to the ground net work data, the in ten sity of the sur face heat is land in the day time hours of
sat el lite flight is by about three times smaller than the mean daily value. On the other hand, DT de rived
from sat el lite data is over es ti mated by ~40% due to the im pact of an ti cy clones which en hance the heat
is land and al low the anal y sis of im ages. In the an nual course, the sur face heat is land in ten sity is max i -
mum in June and July (~4.0°C) and min i mum in No vem ber (0.7°C). The sur face tem per a ture field in
the Mos cow re gion is also char ac ter ized by the geo graphic zonality: a to tal in crease in the val ues to ward 
south east.
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1. IN TRO DUC TION

The phe nom e non of ur ban heat is land (UHI) was dis cov ered by L. Howard in Lon don in the early 19th
cen tury [19]. It is typ i cal of the over whelm ing ma jor ity of cit ies and even small set tle ments [2, 5, 8, 10, 14]
in all cli ma tic zones, ex cept for the oasis cit ies in the dry trop ics (they, on the con trary, can be cool is lands
in the sur round ing desert [23]). As known, the air tem per a ture rise in the cit ies is caused by the higher heat
ca pac ity of ar ti fi cial cov ers (as phalt, con crete, etc.), by the lower heat loss for evap o ra tion of pre cip i ta tion
(due to its ar ti fi cial run off) and for tran spi ra tion by plants, by the ra di a tion bal ance fea tures (an ur ban in -
dus trial haze im ped ing the night time cool ing), as well as by di rect heat emis sions re lated to the
anthropogenic ac tiv ity. As for Mos cow, the near-surface UHI pat terns were stud ied, for ex am ple, in [6, 9,
15, 17, 22–24]. Ob vi ously, this phe nom e non is three-dimensional; the UHI-related up per-air tem per a ture
anom aly over Mos cow was de scribed in [11], a phe nom e non of the un der ground heat is land in the soil tem -
per a ture field at dif fer ent depths un der Mos cow was in ves ti gated in [25]. 
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Usually, UHI in the field of air tem per a ture Ta is stud ied us ing data of the me te o ro log i cal net work at the
stan dard height of ther mom e ter in stal la tion (2 m). As a rule, net work data are re li able and rou tine but the
sur face net work den sity is com par a tively low. More de tailed in for ma tion about the spa tial field of tem per a -
ture can be ob tained us ing ei ther spe cial route sur veys on mo bile mea sur ing plat forms (mo tor ve hi cles or
bi cy cles) equipped with sen sors (how ever, the route sur veys are ex pen sive and rare) or in fra red sat el lite im -
ag ery (these mea sure ments are con stant and reg u lar). 

The investigation of UHI in the field of surface temperature Tsat based on separate satellite images
started in the 1970s for Washington and Baltimore (USA) [10]. The use of radiometer data allowed studying
the heat anomalies with high spatial resolution: ~1 km, and, for some space systems (for example, Landsat
satellites), even to tens of meters. Currently, the analysis of long-term satellite radiometer data was carried
out for Rome (Italy) [18], Bangkok (Thailand) [21], Budapest (Hungary) [29], Erbil (Iraq) [30], Athens
(Greece) [31], 28 cities in the north of Western Siberia [27], and many other locations. In some cases, only
the examples of individual images are studied: for example, for the conditions of Skopje (Macedonia) [20]
and Calcutta (India) [28]. Usually, the images from either Landsat [4, 20, 21, 28, 31] or Terra and Aqua
satellites [29, 31] and sometimes from other satellites (for example, ENVISAT [18]) are used for the UHI
analysis. An advantage of Landsat satellite radiometer data is their high resolution and that of Terra and
Aqua satellites is the large sample of images, because each of them provides the sensing of the Moscow
region twice a day. As for Moscow, only the separate examples of satellite images have been presented in
the literature till now [4]. The objective of the authors was to study the surface UHI in the Moscow region
with high spatial resolution using long-term data of two satellites for the period of 2008–2015. The
preliminary results of the analysis for the period of 2009–2013 were published in [16, 26].

2. SAT EL LITE DATA AND METH OD OLOG I CAL FEA TURES
OF THEIR ANAL Y SIS

The most reliable long-term source of data on surface temperature in the Moscow region is the images of 
polar orbital Aqua and Terra NASA EOS (Earth Observing System) satellites, where MODIS spectro-
radiometers are installed. They provide the survey in 36 channels in the range from 0.45 to 14.36 mm. The
shooting bandwidth is 2330 km but the quality of data decreases on the edges of this zone. The spatial
resolution of surface temperature measurements is 1 km under the radiometric resolution of 12 bits, and
their accuracy for the land conditions is ±1°C [32]. The standard product Land Surface Temperature (LST)
was used to calculate surface temperature from MODIS data. It calculates surface temperature proceeding
from the spectral brightness of two channels: 31st and 32nd with the wavelengths of 10.78–11.28 and
11.77–12.27 mm, respectively. The calibration of data is carried out depending on latitude, radiometer
zenith angle, and air humidity. Besides the presence of clouds and smoke plumes, the accuracy of surface
temperature measurements is also affected by inhomogeneous terrain, radiometric noise, etc. ScanEx
Image Processor software (developed by ScanEx Engineering and Technology Center) used by the authors
provides an automatic control of surface temperature data and deletes all cells with obviously unrealistic
low values which mark cloud top temperature. The methodological features of measurements from these
satellites should be considered: in most cases, the values of Tsat characterize temperature of the open surface;
however, when sensing the forests with dense canopy or densely built areas, temperature of the surface of
canopy or the roofs of individual buildings is measured. 

The following daytime images are used for the analysis: the Terra images for 11/12 a.m. Moscow time
and the Aqua images for 1/2 p.m. (night sensing data are not reliable as Moscow is situated on the edge of the
swath or out of it). A thorough critical control and visual selection of images were required during the work, 
because in the presence of clouds, the radiometer measures rather their top temperature than surface
temperature. The cases when Moscow was located on the swath edge (this leads to significant distortions
and radiometric noise) were also excluded.

When work ing with sat el lite data, some meth od olog i cal is sues should be solved: 

—to com pare them with me te o ro log i cal net work data; 

—to eval u ate an ef fect of the data av er ag ing do main size on the sur face UHI in ten sity; 

—to re veal the max i mum cov er age of the im age with clouds for which the UHI anal y sis is still pos si ble;

—to es ti mate a dis place ment in the es ti mates of av er age daily in ten sity of the sur face UHI due to the use 
of day time sat el lite data;
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—to es ti mate a dis place ment in the es ti mates of monthly and an nual mean UHI in ten sity due to the im -
pact of the sam ple for an ti cy clonic con di tions alone, when clouds are rare and sur face tem per a ture data are
avail able.

It is also im por tant to con sider a fun da men tal dif fer ence be tween the pointed sta tion es ti mates of sur face 
tem per a ture Ts and sat el lite ra di om e ter mea sure ments Tsat av er aged over a large area. It pro vokes an in ev i ta -
ble scat ter in the com par i son of sat el lite and sta tion data.

Such com par i son was per formed us ing the sam ple of 163 im ages of Mos cow from both sat el lites un der
clear sky in 2011–2013. Ra di om e ter data on Tsat in the 1-km2 unit cell which was the clos est to the sta tion
lo ca tion were com pared to the re sults of MSU Me te o ro log i cal Ob ser va tory (MO) mea sure ments of sur face
tem per a ture Ts and 2-m air tem per a ture Ta. Air tem per a ture was de ter mined from the sta tion thermograph in 
the clos est hour to the sat el lite flight time (the flight over the Mos cow re gion lasts for ~5 min utes). Sur face
tem per a ture is mea sured at the sta tions once in 3 hours, the near est time mo ment was also used for com par i -
son with sat el lite data. If a sat el lite flight fell ex actly on the mid dle of the in ter val be tween the mea sure -
ments, the mean value be tween the neigh bor ing hourly val ues of Ta or neigh bor ing three-hour val ues of Ts

was cal cu lated for com par i son with its data. The re sults are pre sented in Fig. 1. Be low the mean val ues and
stan dard de vi a tions are given for the dif fer ences be tween sat el lite-derived sur face tem per a ture Tsat as well
as be tween air tem per a ture Ta and sur face tem per a ture Ts ac cord ing to MSU MO sta tion data for
2011–2013:

Pe riod

Tsat – Ta

Tsat – Ts

Win ter

–0.8 ± 2.1
  2.1 ± 3.4

Spring

  0.8 ± 3.5
–6.2 ± 7.6

Sum mer

    2.8 ± 2.1
–15.0 ± 5.4

Au tumn

–0.3 ± 2.2
–3.4 ± 3.8

Year

  0.9 ± 3.0
–6.5 ± 8.6

It is clear that the sta tis ti cal re la tion is close to lin ear in both cases and is quite high: the cor re la tion co ef -
fi cient R was equal to 0.98 when com par ing Ts and Tsat and even 0.99 for Ta and Tsat. How ever, the value of
the lin ear re gres sion co ef fi cient k in the equa tions is dif fer ent: for com par i son be tween Ta and Tsat it is close
to 1 (1.09), whereas the dis place ment is great for Ts and Tsat (k = 0.68). 

An ob vi ous rea son for that is the in creased sta tion val ues of soil sur face tem per a ture in the warm sea son
due to the strong heat ing in the mid day hours of the 4 ́  6-m bare ex ca vated area, where ground ther mom e -
ters are in stalled [13]. The great est heat ing is ob served in sum mer: in this sea son the site is on av er age 15°C 
warmer than the sur round ing nat u ral sur face (grass and tree crowns). The im pact of other pos si ble rea sons
for the dif fer ences in the es ti mates of Tsat and Ts is small.

Only in win ter, when TM-3 ther mom e ters are in stalled on the snow sur face, their read ings are rep re sen -
ta tive for the sur round ing area, and the dif fer ences be tween Tsat and Ts are min i mal. The MSU area in cludes
many green park zones (the Bo tanic Gar den, etc.). Ur ban build ings are rar efied here in the ra dius of 1 km,
and there is al most no bare soil in the vi cin ity of MSU MO. As a re sult, de spite pos si ble ex pec ta tions, sta -
tion data on air tem per a ture are in better agree ment with sat el lite-derived sur face tem per a ture than sta tion
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Fig. 1.  The com par i son of sat el lite data on sur face tem per a ture with sta tion data on (a) air tem per a ture and (b) sur face tem -
per a ture from MSU MO. The thick lines are lin ear trends; the thin lines are “one-to-one” agree ment; the lin ear re gres sion
equa tions and the val ues of the stan dard pa ram e ter R2 of the trend re li abil ity: (a) y  = 1.09x  + 0.16, R2 = 0.98; (b) y = 0.68x  –
– 1.45, R2 = 0.96.



data on sur face tem per a ture: the sam ple mean dif fer ence be tween Tsat and Ta is less than 1°C, whereas the
av er age an nual value of Ts is on av er age 6.5°C higher than Tsat. The re sult con firms that sur face tem per a ture 
of ex ca vated sites does not in di cate back ground con di tions in the area sur round ing the sta tion, es pe cially in
the warm sea son. It should be noted that the com par i son be tween Tsat and Ta in Bu da pest re vealed their dif -
fer ence from 1.1 to 6.6°C in the day time and from –1.1 to –1.8°C at night de pend ing on the sea son [29]. 

The in ten sity of the sur face UHI, i.e., of the ther mal anom aly in the sur face tem per a ture field re lated to
the city im pact is the mean dif fer ence in the val ues of Tsat over the sam ples of all ur ban and ru ral 1-km2 el e -
men tary cells:

DT

T

n

T

m

i
i

n

j
j

m
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M Mr

= -
= =
å å, ,

1 1

where n and m are the number of cells in Moscow and the Moscow region, respectively; TM and TMr are
surface temperatures in each cell in the city and outside it, respectively.

Such ap proach to the com par i son with ru ral ar eas not only for the city cen ter but also for the whole city
was also used in [22, 23]. Cer tainly, there are vast for ests and parks on the ter ri tory of Mos cow which in -
duce lo cal cold is lands; their sep a rate anal y sis is pre sented in [16, 26]. On the other hand, there are many
towns and vil lages in the ar eas sur round ing Mos cow whose sur face is more or less ur ban ized. A ne glect of
both fac tors af fects an es ti mate of UHI in ten sity; how ever, this im pact may be con sid ered small. 

It is im por tant to un der stand how spa tially sta ble the sur face UHI in ten sity es ti mates are. Dif fer ent vari -
ants of the geo met ric pre sen ta tion of Mos cow and the Mos cow re gion were cho sen for the study. Here,
Mos cow is con sid ered within its tra di tional bor ders from 1992 to 2011. It has a tur tle shape: the main el -
lipse (the Mos cow Au to mo bile Ring Road (MARR) built in 1961) and six promi nen ces ex tend ing be yond
it in dif fer ent di rec tions. The city ter ri tory was rep re sented in cal cu la tions in two ways: in the form of the
area lim ited by the real city bor ders (in Fig. 2a with an ac cu racy to 20 m) or in the form of the square with
the same area (~1000 km2). The outer do main for com par i sons with the city was pre sented in the form of ei -
ther the ex act vec tor layer of ad min is tra tive bor ders of the Mos cow re gion or the rect an gle in scribed into
them or cir cum scribed around them.

The par al lel com pu ta tions us ing a rough (in the form of the square) and ex act pre sen ta tion of Mos cow
bor ders as com pared to the rect an gle cir cum scribed around the Mos cow re gion based on the same par tial
sam ple of 63 im ages un der clear sky in 2010 to 2013 re vealed the mean val ues of UHI in ten sity equal to 2.7 
and 3.1°C, re spec tively. Thus, for hypothetic squared Mos cow, the UHI in ten sity is on av er age 0.4°C
lower (the difference amounted from 0.4 to –4.2°C ac cord ing to data of sep a rate im ages); it is lower in 52
of 63 cases. The weak en ing of the sur face UHI in con di tional “squared” Mos cow is not sur pris ing tak ing
into ac count its greater con tri bu tion to its to tal area of com par a tively cold parks close to the square cor ners
go ing be yond MARR: in par tic u lar, the sub ur ban part of the Losinyi Ostrov na tional park is sit u ated in the
north east ern cor ner of the square. 

On the con trary, the ex per i ments with three vari ants of bor ders for the ter ri tory sur round ing Mos cow
did not re veal no tice able dis place ments in the es ti mates. The area of the rect an gle cir cum scribed around the 
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Fig. 2. The bound aries of cal cu la tion do mains for (a) Mos cow and (b) the Mos cow re gion.



Mos cow re gion at its ex treme points is 94851 km2; it also in cludes the parts of the neigh bor ing re gions. To -
gether with Mos cow, the Mos cow re gion oc cu pies an area of 46570 km2 and the area of the rect an gle in -
scribed into it is 15955 km2. It cov ers only the near est ar eas of the re gion to the city, and Mos cow is shifted
to its south east (Fig. 2b). The par al lel com pu ta tions for all three vari ants of the bor ders of the outer area for
com par i son with the city were car ried out for the sam ple of 99 im ages over the pe riod of 2009–2013; in all
three vari ants, Mos cow was pre sented in its real bor ders. It was found that the mean in ten sity of the sur face
UHI al most did not change: it was equal to 2.8°C for the rect an gle cir cum scribed around the re gion, 2.7°C
for the real bor ders of the re gion, and 2.8°C for the rect an gle in scribed into it. Thus, the value of UHI in ten -
sity is spa tially sta ble and, when mov ing away from the city for 60 km and more, less sig nif i cantly de pends
on the bound aries of the com par i son ter ri tory. On the con trary, near the bor ders of Mos cow the ther mal
inhomogeneity is more strongly pro nounced.

As noted above, the se ri ous prob lem of sat el lite data anal y sis is fre quent dense cloud i ness that is im per -
me able for ra di om e ter mea sure ments. For ex am ple, the av er age cloud cover in Mos cow ac cord ing to the
hourly ob ser va tions at MSU MO from 1954 to 2007 is 7.7 (77%) [1]. It is prac ti cally man i fested in the fact
that clouds usu ally oc cupy the whole sat el lite im age of the Mos cow re gion or its sig nif i cant part. Ear lier
[16, 26] only cloud less con di tions for the en tire Mos cow re gion were con sid ered, when to tal cov er age with
clouds, haze, or plumes from for est and peat fires (in the sum mer of 2010) did not ex ceed 5% of the whole
area of the re gion in the im age, and Mos cow was lo cated in the swath cen ter. How ever, the sam ple of such
ideal im ages is very small: it in cluded only 108 of 3652 im ages for 2009–2013, i.e., only 3% of their to tal
num ber. It is dif fi cult to get re li able es ti mates of an nual vari a tions in the sur face UHI in ten sity based on it:
for ex am ple, it is ob vi ous that the cloud less sky over Mos cow is rare in No vem ber. There fore, it was nec es -
sary to de ter mine at which cloud cov er age of the im age its anal y sis is still pos si ble, i.e., the dis place ment of
sur face UHI es ti mates is rel a tively small. 

For this pur pose, the cases of clear-sky an ti cy clonic con di tions were se lected for dif fer ent sea sons when
re li able ra di om e ter data on sur face tem per a ture were avail able al most for all el e men tary cells in the im age.
A num ber of nu mer i cal ex per i ments with the cloud sim u la tion were per formed, dur ing which the cells from 
four di rec tions (west, north, south, and east) with the num ber mul ti ple of 5% of their to tal num ber were al -
ter nately re moved from the set of val ues within the vec tor layer of the Mos cow re gion bor ders (45955
1-km2 cells not con sid er ing Mos cow). The ex cluded cells rep re sented im ag ery clouds, which could have
ex isted over the re gion at that time. At each step af ter the next “cut ting” of the Mos cow re gion map (with
re moval of 5, 10, 15% of cells, etc.), the sur face UHI in ten sity DT was cal cu lated sep a rately. It was re quired 
to find out to what ex tent the par tial cloud cov er age of the im age leads to the dis place ment in the es ti mates
of UHI in ten sity. 

The re sults for one of the ex per i ments are pre sented in Fig. 3. Clouds were com pletely ab sent over Mos -
cow un der syn op tic con di tions ob served on June 6, 2011. The UHI in ten sity in the field of Tsat was equal to
5.6°C. As the cov er age of the Mos cow re gion with con di tional clouds in creases, the dis place ment in the
UHI in ten sity es ti mates oc curs quite expectedly with ac count of geo graphic zonality. For ex am ple, the
greater the Mos cow re gion area de creases in the north, the lower the UHI in ten sity is, be cause av er age Tsat

within the city cor re lates with the warmer south of the re gion. On the con trary, if the south ern ar eas of the
Mos cow re gion are ex cluded, UHI strength ens be cause the re main ing north ern cells are gen er ally colder. It
is note wor thy that the west ern cells have an ef fect qual i ta tively sim i lar to the north ern ones, and the im pact

RUSSIAN METEOROLOGY AND HYDROLOGY   Vol. 45   No. 7  2020

492 LOKOSHCHENKO, ENUKOVA

Fig. 3. The re sults of nu mer i cal ex per i ments with the cloud sim u la tion in dif fer ent parts and dif fer ent por tions of im age d: (1)

in the south; (2) in the east; (3) in the west; (4) in the north.



of the east ern cells is sim i lar to that of the south ern cells. As known, the geo graphic zonality in the Mos cow 
re gion both in sum mer [12] and for the year on av er age [7] is man i fested in the to tal rise in Ta from north -
west to south east. Even if a half of the whole Mos cow re gion in Fig. 3 is ex cluded from any di rec tion, a
change in the UHI in ten sity does not ex ceed 1°C, i.e., 0.2 of the in ten sity value. Sim i lar re sults were ob -
tained for an other ex per i ment per formed for a cloud less win ter day.

The similar experiments with the removal of a part of cells within traditional Moscow borders revealed
the same displacement of intensity estimates (~0.2 of its value) if 20% of Moscow is covered with clouds.
Evidently, the thermal inhomogeneity in the city is pronounced more strongly, and, hence, the UHI inten-
sity is more sensitive to the exclusion of a part of the urban surface from calculations. Based on the results
of the experiments, it was decided to consider as suitable for analysis all satellite images with no clear ra-
diometric noise, with Moscow located in the center of the swath, and with clouds covering not more than 20% 
of Moscow area and not more than 50% of the Moscow region. The total number of such images per 8 years 
(2008 to 2015) was 561 of 5844. Not taking into account repeated images for the same day, the sample
included 362 days, for each of which the values were taken either from data of one image (if the second one
did not meet the accepted criteria) or in the form of the mean values for two images, if both were of good
quality. 

3. SUR FACE UR BAN HEAT IS LAND IN TEN SITY

Let us con sider the re sults of the anal y sis of Mos cow UHI in the field of sur face tem per a ture based on
Aqua and Terra sat el lite data for 8 years on av er age. Let us con sider that the in ten sity of this phe nom e non is 
a dif fer ence in the av er age val ues of Tsat within the tra di tional bor ders of Mos cow and within the rect an gle
the Mos cow re gion is in scribed in. As a re sult of av er ag ing all im ages ac cepted for anal y sis (561), the mean 
value of sur face UHI in ten sity over Mos cow was equal to 2.8°C, and the stan dard de vi a tion s = 1.4°C. On
av er age for the sam ple of 362 val ues on in di vid ual days with the av er ag ing of val ues based on data from all
paired im ages for the same day, the in ten sity did not change: 2.8°C, s = 1.3°C. How ever, a pos si ble dis -
place ment in the mean es ti mate due to dif fer ent avail abil ity of data for sep a rate months (from 11 im ages in
No vem ber to 48 im ages in March and May) should be con sid ered. When nor mal iz ing the in ten sity by the
an nual course, i.e., when com put ing it as the av er age of 12 monthly mean val ues (with the iden ti cal weight
for each month in the over all av er age an nual es ti mate), a more ex act value was equal to 2.6°C. It is sta ble in 
time: ear lier, for the smaller pe riod of 2009–2013 on av er age and for a smaller sam ple of im ages for cloud -
less days only, the av er age an nual in ten sity was also 2.8°C as a sim ple mean for the en tire sam ple [26] and
2.6°C when it was nor mal ized by the an nual course [16]. The val ues of s in sep a rate months vary from 0.7
to 1.6°C, no clear sea sonal pat terns are ob served in their vari a tions. 

For different days, the UHI intensity varies in a wide range: from –0.2 to 7.7°C; according to the data of
individual images (without averaging the repeated ones for the same day), its lowest value reached –0.4°C.
Only 8 of 561 images demonstrated a negative value of intensity which was close to 0°C. On average for
separate days, the intensity was weakly negative in 3 of 362 cases only. It is noteworthy that the negative or
close-to-zero values are almost always observed in autumn, most often in November. For example, all three 
cases with DTsat < 0°C fell on November (November 18, 2013; November 8 and 12, 2008). In general, autumn 
days made up all the first 16 and 27 of the first 30 lowest values of intensity for the sample of 362 days. On
the contrary, the highest values of this parameter were observed in all other seasons: for example, the record 
high value (7.7°C) was registered on April 16, 2013, the second highest value (6.2°C) was registered on
June 12, 2011, and the third one (6.1°C) was recorded on January 19, 2010 and August 8, 2012. All these
cases of abnormally intense surface UHI were associated with Moscow located in the anticyclone center or
in the low-gradient pressure field with a high pressure background. The lowest intensity of this phenomenon
is typical of very windy autumn days, when Moscow is situated in the zones of intensive gradient flows on
the periphery of anticyclones or ridges. 

The com par i son of the sur face UHI in the field of sur face tem per a ture with the near-surface UHI should
be care ful and cau tious, be cause these are dif fer ent phys i cal-geographical phe nom ena. Nev er the less, it is
known that the UHI in ten sity at the height of 2 m, that is of ten weakly neg a tive in the morn ing, is usu ally
close to 0°C in the mid day hours as well as based on sat el lite data (the ex am ples are given, for ex am ple, in
[5, 10]). The mean UHI in ten sity in the field of Ta in Mos cow in the early 2010s was equal to 1.0°C for the
com par i son of data of all Mos cow and all Mos cow re gion sta tions and 2.0°C for the com par i son of data for
the city cen ter only (Balchug sta tion) with data from all Mos cow re gion sta tions [23]. Thus, the sur face
UHI is pro nounced more strongly than the near-surface UHI. 
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It is pos si ble to de ter mine the in ten sity of the sur face UHI from data of sat el lites only dur ing their day -
time flight. A rough es ti mate of av er age daily in ten sity can be ob tained us ing ground-based net work data.
For this pur pose, the re sults of hourly mea sure ments of Ta at four Mos cow (MSU MO, VDNKh, Balchug,
and Tushino) and 13 Mos cow re gion sta tions for 2014 and 2015 were used. Thus, the in ten sity of the
near-surface UHI in the field of 2-m Ta was cal cu lated for n = 4 and m = 13 us ing equa tion for cal cu la tion of 
DTsat. The cal cu la tion was pro vided both for two years (730 days) and for 12:00 for all days. 

On av er age for these two years, daily mean air tem per a ture was equal to 7.49°C in Mos cow and 6.46°C
in the Mos cow re gion; av er age tem per a ture for the noon only was 9.17 and 8.84°C, re spec tively. Thus, the
av er age daily in ten sity of the near-surface UHI based on these data was equal to 1.03°C like on av er age for
the pe riod of 2010–2014 [23] with an ac cu racy to ±0.1°C, and the in ten sity at 12:00 (the mean time of the
sat el lite flight with an ac cu racy to an hour) was 0.33°C. It may be sup posed that the av er age daily in ten sity
of the sur face UHI, as well as of the near-surface UHI, is three times higher than its mid day value and is
prob a bly equal to about 7.5–8.0°C. 

It is also nec es sary to take into ac count an in ev i ta ble dis place ment in the sat el lite-derived in ten sity es ti -
mates, be cause cloud less and few-cloud days are as so ci ated with an ti cy clonic weather, when UHI is more
strongly pro nounced at any al ti tude. To eval u ate this dis place ment, the near-surface UHI in ten sity based on 
sta tion data was cal cu lated sep a rately only for sat el lite flight hours for cloud less or few-cloud days, when
the im ages (in to tal, 173 im ages per two years in clud ing the re peated im ages for the same day) were of good 
qual ity and were ac cepted for anal y sis. The time dif fer ence be tween the sat el lite flight over the re gion and
the clos est sta tion thermograph read ing did not ex ceed 30 min utes. If the flight time fell ex actly on the mid -
dle of the hour, the mean value be tween the neigh bor ing hourly ob ser va tions of Ta at all sta tions were used
for com par i son with sat el lite data (like for the anal y sis of MSU MO data). 

The mean value of Ta dur ing the sat el lite flight per two years was 11.45°C for Mos cow and 10.98°C for
the Mos cow re gion. Thus, the av er age in ten sity of the near-surface UHI based on ground-based net work
data for the time mo ments of the im ages ac cepted for the anal y sis was equal to 0.47°C, i.e., it was 40%
higher than the mean in ten sity at 12:00 for all days of 2014 and 2015. This re sult may be con sid ered as an
over all es ti mate of UHI in ten si fi ca tion un der the in flu ence of an ti cy clonic con di tions. It may be sup posed
that this es ti mate is close both for the near-surface and sur face UHIs. Prob a bly, the mean in ten sity of the
sur face UHI in the mid day with ac count of cloudy days for which no ra di om e ter data are avail able is also
about 1.5 times lower than the above value, i.e., it is slightly be low 2°C. 

It should also be noted that the near-surface UHI in ten sity over Mos cow in the field of air tem per a ture
based on ground net work data for the sat el lite flight hours is much lower than in the field of sur face tem per -
a ture. This is partly an ef fect of in suf fi ciently high den sity of the net work and in com plete rep re sen ta tive -
ness of sta tion data: four of five Mos cow weather sta tions (MSU MO, VDNKh, Tushino, and Mikhelson
Ob ser va tory) are sit u ated in green park zones, and only Balchug sta tion in di cates the con di tions of the
densely built ur ban ar eas.

The anal y sis of an nual course in the sur face UHI in ten sity in Mos cow (Fig. 4) dem on strates that its
high est val ues (~4°C) are ob served in the be gin ning and mid dle of sum mer (June and July), and the low est
ones (0.7°C) are reg is tered in late au tumn (No vem ber); in win ter and spring, the val ues are in ter me di ate.
Taking into ac count con fi dence in ter vals, it is ob vi ous that dif fer ences with the sig nif i cance level of 5% are 
sta tis ti cally re li able both be tween the con di tions for June and July and win ter and spring months and be -
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Fig. 4. The an nual vari a tions in the in ten sity of the sur face ur ban heat is land in Mos cow. The con fi dence in ter vals are cal -
cu lated with the prob a bil ity of 0.95.



tween win ter and spring (ex cept De cem ber) and au tumn months. The dif fer ences be tween the high est sum -
mer and the low est au tumn val ues of UHI in ten sity re main sig nif i cant with an ar bi trarily high con fi dence
prob a bil ity (even with 0.9999). The dif fer ences in the sur face UHI in ten sity are in duced by the con trast be -
tween ther mal and ra di a tive prop er ties of the sur face in the city and out of it. The high est in ten sity in the
mid dle of sum mer is prob a bly caused by the most ac tive veg e ta tion phase at that time and, hence, by the
great est heat loss for tran spi ra tion by plants in ru ral ar eas (there are fewer plants in the city). It is due to the
same fac tors that the high est (in ab so lute value) in ten sity of lo cal cool is lands in the Mos cow for est parks is
also reg is tered in sum mer [16, 26]. The sum mer max i mum of UHI in ten sity in the an nual course ac cord ing
to Terra and Aqua sat el lite data (also ~3–4°C and more) was also reg is tered in Bu da pest [29]. On the other
hand, dif fer ences in the ther mal prop er ties of the sur face de crease in late au tumn as the veg e ta tion cover
dies off: the UHI in ten sity is min i mal at this time. In win ter and early spring, the con di tions are in ter me di -
ate: the snow cover in ru ral ar eas is usu ally solid and clean, whereas it is lo cally ab sent in a sig nif i cant part
of the city (in the city roads are cleared from snow, and thawed patches are formed ear lier in spring) and, in
ad di tion, is con tam i nated. The dif fer ences in sur face albedo, as well as the ef fect of com par a tively warm
city roofs and anthropogenic heat sources ev i dently de ter mine a stron ger sur face UHI in win ter as com -
pared to au tumn.

The an nual course of the near-surface UHI in ten sity in Mos cow var ies with time, be cause var i ous de ter -
min ing fac tors act in dif fer ent di rec tions. For ex am ple, the im pact of ur ban heat ing and re lated heat emis -
sions can cause an in ten si fi ca tion of UHI in win ter. On the other hand, clear nights and air stag na tion that
also lead to the in ten si fi ca tion of this phe nom e non are more fre quent in sum mer. As a re sult, dif fer ent stud -
ies make con tro ver sial con clu sions on the an nual vari a tions in the Mos cow UHI in ten sity based on the data
anal y sis for dif fer ent time pe ri ods: the max i mum in win ter in 1977–1988 [6] and 1991–2002 [24]; the max -
i mum in sum mer in 1959–1987 [15] and from the late 1990s till now [6, 9]; the equiv a lence of win ter and
sum mer val ues in some pe ri ods [6]. 

4. SUR FACE TEM PER A TURE IN THE MOS COW RE GION

Let us con sider the gen eral pat terns of the sur face tem per a ture dis tri bu tion for the whole Mos cow re -
gion. Fig ure 5 pres ents the map of av er age val ues of Tsat cal cu lated us ing the stan dard in ter po la tion soft -
ware Surfer10.1 based on the data of the same sam ple of im ages for 2008–2015 with the grid spac ing of
15 km. It is clear that be sides the clearly pro nounced heat anom aly over Mos cow, there is a no tice able in -
crease in Tsat east and south east of Mos cow. The high est av er age an nual sur face tem per a ture to 8°C and
higher is reg is tered in Mos cow and the bor der ar eas of the Ryazan re gion. The low est val ues from 3 to 4°C
are ob served west of the Mos cow re gion, in the east ern ar eas of the Smolensk and Tver regions.

Such dis tri bu tion of the sur face tem per a ture field is as so ci ated with the phys i cal-geographical fea tures
of the Mos cow re gion. For ex am ple, the con tri bu tion of for est lands to the to tal area of the dis tricts is min i -
mum in the south east of the Mos cow re gion (on av er age from 10 to 30%) and even be low 10% in the south -
ern most dis tricts, Zaraiskii and Serebryanoprudskii (the mean area cov ered by for ests in the Mos cow re -
gion is about 40%). It is ob vi ous that forest less open ar eas are gen er ally drier and warmer as com pared to
the can opy sur face. In ad di tion, the Meshchera Low land east of Mos cow is char ac ter ized by the prev a lence
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Fig. 5. The map of av er age sur face tem per a ture for the Mos cow re gion based on Aqua and Terra sat el lite data for 2008–2015.
The light-colored dots out line the bor ders of Mos cow and the Mos cow re gion. 



of sandy and sandy loam soils [3], which are usu ally also drier and warmer as com pared to loam. The sim i -
lar dis tri bu tion with the high est val ues south east of Mos cow is ob served for av er age air tem per a ture Ta in
July, as well as for the sum of Ta > 10°C [12]. The au thors of that pa per ex plained this by an in creas ing fre -
quency of the in tru sion of warm trop i cal air masses from Kazakhstan and Cen tral Asia in sum mer in the di -
rec tion south east of Mos cow. Thus, the field of av er age val ues of Tsat in the Mos cow re gion does not come
to the geo graphic zonality alone and in di cates the ac tion of dif fer ent fac tors.

As for the sur face UHI over Mos cow, it is man i fested in Fig. 5 in the form of two closed and one semi -
cir cu lar  iso therms. The av er age value of Tsat for four grid cells with an area of 225 km2 each cov er ing most
of Mos cow is 7.3°C. In the other 437 cells around Mos cow, where Mos cow is not pres ent or oc cu pies less
than a half of the area, Tsat = 5.4°C; only in the near Mos cow re gion in the ra dius of 30 km from the city bor -
ders (on av er age for 32 cells around the city), Tsat = 5.9°C. Cer tainly, the above es ti mate of the sur face UHI
in ten sity (2.6°C) is more pre cise as it is based on data with the higher res o lu tion, 1 km. It is also ob vi ous
that higher av er age sur face tem per a ture in the near Mos cow re gion in di cates the in flu ence of the large near -
est sub urbs, each hav ing its heat is land. How ever, this in flu ence rap idly de creases as the ra dius of the com -
par i son do main grows: at the dis tance of 60 km from Mos cow, i.e., within the area ap prox i mately equal to
the in scribed rect an gle in Fig. 2b, the mean value of Tsat = 5.4°C, as well as in the en tire re gion. So, the fur -
ther ex ten sion of the do main for com par i son with the city does not lead to the chang ing val ues. The is sue of
the most ac cu rate es ti ma tion of UHI in ten sity de pend ing on the ra dius of the an a lyzed sub urbs is meth od -
olog i cally dif fi cult: a too large com par i son do main com pli cates the prob lem as it will re quire a sep a rate
con sid er ation of cli mate zonality.
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