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Ab stract—An a lyzed are the re sults of me te o ro log i cal and en vi ron men tal mea sure ments per formed
over the 60-year pe riod (1954–2013) at the Me te o ro log i cal Ob ser va tory of Lomonosov Mos cow State
Uni ver sity. The sig nif i cant pos i tive tem per a ture trend (0.04°C/year for 1954–2013) was ob tained; it in -
creased up to 0.07°C/year in 1976–2012. Con sidered are the fea tures of sea sonal vari a tions of dif fer ent
at mo spheric char ac ter is tics. Dis cussed are the type and causes of low-frequency changes in me te o ro -
log i cal pa ram e ters, ra di a tion bal ance com po nents, ra di a tion in dif fer ent spec tral ranges, and chem i cal
com po si tion of pre cip i ta tion. Dem on strated are pos si ble mech a nisms of the more sig nif i cant in crease
ob served in air tem per a ture in Mos cow as com pared with that in Cen tral Fed eral Dis trict and their con -
nec tion with the green house ef fect in the ur ban at mo sphere.  
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1. IN TRO DUC TION

The Me te o ro log i cal Ob ser va tory of Lomonosov Mos cow State Uni ver sity (the MSU MO) was founded
in 1954 as an ed u ca tional and meth od olog i cal cen ter and sci en tific base for study ing the cli mate in Mos cow.
Since that time, the MSU MO has car ried out the mon i tor ing of the great num ber of en vi ron men tal and cli -
ma tic at mo spheric char ac ter is tics ac cord ing to the ac cepted in ter na tional and do mes tic norms de ter mined
by WMO and Roshydromet. Rou tine ob ser va tions en able ob tain ing im por tant data needed for the in te -
grated so lu tion of the wide scope of sci en tific and ap plied prob lems. 

The ob jec tive of the pres ent pa per is to an a lyze the ba sic reg u lar i ties of the sea sonal and interannual
vari abil ity of dif fer ent me te o ro log i cal pa ram e ters and air pol lu tion char ac ter is tics ob tained from the data of 
mea sure ments carried out at the MSU MO in Moscow one of the big gest meg a lop o lises in the world with
the pop u la tion of more than 12 mil lion peo ple. 

2. BRIEF DESCRIPTION OF INSTRUMENTS AND MEASUREMENT METHODS

The measurements of different meteorological, radiation, and environmental parameters carried out at
the MSU MO include both the standard types of observations carried out in accordance with the programs
approved by Roshydromet for meteorological stations [20] and comparatively rare types of measurements
[3–5, 16, 19, 24]. The latters include the measurement of soil temperature at eight depths up to 320 cm with
the TPV-50 extension soil thermometers and the measurement of the depth of freezing and thawing of soil
in the area from which natural cover was specially removed (snow in winter and grass in summer). These
data enable characterizing more precisely thermal conditions in the soil of the city. The acoustic sounding
of the atmosphere has been carried out jointly with the Obukhov Institute of Atmospheric Physics of the
Russian Academy of Sciences (IAP RAS) since 1988 us ing the EKhO-1 sodar [13, 15] and since 2004, us -
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ing the METEK MODOS Dopp ler sodar which en ables ob tain ing the ver ti cal pro files of wind speed and
wind di rec tion in the at mo spheric layer from 40 to 500 m [16, 17, 36]. 

The in te grated stud ies of the com po nents of ra di a tion bal ance (B), di rect (S), dif fused (D), and re flected
(Rk) short-wave ra di a tion based on the SUN hard ware-and-software com plex [23] have been car ried out at
the MSU MO [2]. Ad di tional pro grams of ra di a tion mea sure ments in clude the lon gest in the world se ries
of observations of UV ra di a tion in the spec tral band of 300–380 nm with the in stru ments worked out at the
MSU MO [28, 31] that were re placed by UVA-1 YES pyranometers in 2008. The mon i tor ing of bi o log i -
cally ac tive er y thema ra di a tion has been car ried out since 1999 us ing UVB-1 YES in stru ments [26, 30].
The ob ser va tions of photosynthetic ac tive ra di a tion (PAR) have been car ried out since 1980 with the red-
white pyranometers [18] that were re placed by LI-COR LI-190SL in stru ments (USA) in 1998 [2, 27, 42]. 

The observations of natural illuminance have been carried out using the instrument worked out at the
MSU MO since 1964 [21] and using the LI-COR LI-210SL since 2010 [42].

Standard characteristics of atmospheric transparency (the integral transparency coefficient P2 and turbi-
dity factor T2 reduced to the mass of the atmosphere m = 2) have been determined since 1955 using the
measurement data on the direct solar radiation coming to the perpendicular surface (at the sun disk not cove-
red by clouds). Additionally, the aerosol optical depth of the atmosphere for the wavelength of 550 nm is
computed using the value of the direct short-wave radiation and atmospheric moisture content [2]. 

Since 2001, the mon i tor ing of op ti cal, microphysical, and ra di a tion char ac ter is tics of aero sol has been
car ried out with the CIMEL sun and sky pho tom e ter of the AERONET net work [32]. The mea sure ments of
aero sol char ac ter is tics are car ried out at 7 wave lengths (340, 480, 440, 500, 670, 870, and 1020 nm), and
the chan nel of 940 nm is used for re triev ing at mo spheric mois ture con tent. 

The pro gram of ob ser va tions over the chem i cal com po si tion of pre cip i ta tion started at the MSU MO in
1980. Acid ity pH, spe cific con duc tiv ity, and con cen tra tion of ba sic cat ions and an ions are de ter mined for
each sam ple of rain and snow [12]. The con cen tra tions of some mi nor gas ad mix tures in the at mo spheric
sur face layer have been mea sured since 2002 jointly with IAP RAS in the spe cially equipped eco log i cal pa -
vil ion in the MSU MO. The char ac ter is tics of mea sur ing in stru ments in the pa vil ion are close to those used
at the sta tions of WMO global net work, the in stru ments are pro vided with cal i bra tion tools de liv ered by
lead ing do mes tic and world sci en tific cen ters. The de tailed de scrip tion of the equip ment and mea sure ments 
car ried out at the sta tion is given in [10]. 

3. RESULTS

The lo ca tion of the MSU MO in the park zone near the ter ri tory of the MSU Bo tanic Gar den at a cer tain
dis tance from lo cal pol lu tion sources en ables re veal ing the re gional trends of me te o ro log i cal and ra di a tion
pa ram e ters su per im posed by the ad di tional im pact of gen eral ur ban back ground. When mea sur ing the
gas-aerosol com po si tion of the at mo sphere, the ab sence of close lo cal pol lu tion sources en ables con sid er -
ing the re sults as the pa ram e ters of back ground ur ban pol lu tion. In Ta ble 1, monthly and an nual es ti mates
are pre sented of main me te o ro log i cal pa ram e ters ob tained from the data of long-term ob ser va tions at the
MSU MO. Ta ble 2 shows main en vi ron men tal pa ram e ters char ac ter iz ing the gas-aerosol com po si tion of
the at mo sphere. Let us con sider the pe cu liar i ties of their interannual and sea sonal vari abil ity. 

3.1. Peculiarities of Variations of Meteorological and Radiation Parameters

The anal y sis of the dy nam ics of air tem per a ture vari a tions in Mos cow since 1954 re vealed a sig nif i cant
pos i tive lin ear trend (0.04°C/year) from 1954 to 2013 (Fig. 1a). In 1976–2012, its value  con sid er ably in -
creased and equals 0.07°C/year that is slightly larger than the rate of tem per a ture rise in the Cen tral Fed eral
Dis trict (CFD) (0.06°C/year) and in Rus sia as a whole (0.04°C/year) for the same pe riod [9]. It is known
that the pos i tive trend in the amount of pre cip i ta tion is reg is tered for the whole ter ri tory of Rus sia from
1976 to 2012 (0.08 mm/year); how ever, it is not ob served for CFD and ac cord ing to the re sults of the
MSU MO for that pe riod (Fig. 1b). At the same time, in 2013 the large amount of pre cip i ta tion changed
con sid er ably the gen eral pic ture of interannual dy nam ics of pre cip i ta tion and re sulted in the pos i tive trend
in pre cip i ta tion for the whole 60-year ob ser va tion pe riod. It should be noted that to tal an nual pre cip i ta tion
ex ceeded 1000 mm in 2013 for the first time dur ing 60 years of ob ser va tions at the MSU MO and amounted 
to 1021 mm. 

The recent decade (2004–2013) is characterized by large positive anomalies of different meteorological
parameters as compared with their climatic norm for 1961–1990. For example, air temperature increased by 
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Table 1. Average monthly and annual values of meteorological and radiation parameters according to the MSU MO 
measurement data

Parameter, period Jan-
uary

Feb-
ru-
ary 

March April May June July Au-
gust

Sep-
tem-
ber 

Oc-
to-
ber

No-
vem- 
ber

De-
cem- 
ber

Year

Air temperature, °C
(1954–2013)
Partial pressure of
water vapor, hPa
(1954–2013)
Relative humidity, % 
(1954–2013)
Moisture content in
air column according 
to AERONET data,
cm (2001–2013)
Air pressure, hPa
(1954–2013)
Total precipitation,
mm (1954–2013)
Surface wind speed,
m/s (1954–2013)
Wind speed in the
layer of 40–200 m,
m/s (2004–2012)
Soil surface
temperature, °C
(1954–2013)
Soil temperature at
the depth of 240 cm,
natural (covered)
area, °C (1955–2013)
Soil temperature at
the depth of 240 cm,
bare (open) area, °C
(1955–2013)
Total cloudiness
(1954–2013)
Low-level cloudiness 
(1954–2013)
Sunshine duration
(1955–2013)
Transparency coeffi-
cient P2 (1955–2013)
Aerosol optical depth 
AOD550 (1955–2013)
Average daily total
radiation Q, MJ/m2

(1958–2013)
Total diffused
radiation D, MJ/m2

(1958–2013)
Total direct
radiation on the
horizontal surface

¢S , MJ/m2

(1958–2013)

–8.0
(0.96)

3.2
(0.22)

83
(0.84)
0.29

(0.05)

992.4
(1.65)

47
(5.2)
3.1

(0.22)
5.8

(0.7)

–8.9
(0.95)

6.4
(0.2)

5.9
(0.2)

8.6
(0.24)

7.2
(0.38)
1.00

(0.14)
0.768
(0.013)
0.14

(0.03)
1.95

(0.10)

1.59
(0.07)

0.35
(0.06)

–7.5
(0.95)

3.1
(0.23)

79
(0.99)
0.32

(0.05)

993.6
(1.77)

40
(5.0)
3.0

(0.19)
5.2

(0.7)

–8.9
(0.99

5.5
(0.2)

4.5
(0.2)

8.1
(0.30)

6.2
(0.41)
2.33

(0.26)
0.759
(0.011)
0.16

(0.02)
4.66

(0.22)

3.31
(0.12)

1.35
(0.16)

–2.0
(0.68)

4.0
(0.2)

72
(1.23)
0.48

(0.09)

993.1
(1.46)

37 
(4.6)
2.9

(0.17)
5.5

(0.5)

–3.8
(0.70)

4.9
(0.1)

3.5
(0.2)

7.5
(0.24)

5.3
(0.27)
4.41

(0.29)
0.742

(0.012)
0.20

(0.02)
9.07

(0.32)

5.45
(0.17)

3.62
(0.30)

6.2
(0.57)

6.1
(0.25)

64
(1.56)
0.70

(0.06)

992.2
(0.80)

41
(5.1)
2.8

(0.17)
5.1

(0.4)

6.4
(0.57)

4.4
(0.2)

3.1
(0.2)

7.5
(0.2)
4.9

(0.24)
6.02

(0.36)
0.708
(0.012)
0.25

(0.03)
13.36
(0.4)

7.47
(0.18)

5.88
(0.42)

13.3
(0.59)

9.2
(0.31)

61
(1.37)
1.33

(0.15)

992.4
(0.67)

55
(7.5)
2.6

(0.15)
4.9

(0.4)

16.0
(0.69)

5.3
(0.2)

4.2
(0.4)

7.0
(0.22)

4.4
(0.27)
8.57

(0.42)
0.710
(0.010)
0.23

(0.02)
18.66
(0.56)

9.31
(0.22)

9.34
(0.59)

17.2
(0.55)
12.5

(0.35)

65
(1.40)
1.71

(0.18)

989.9
(0.70)

76
(8.7)
2.5

(0.15)
4.8

(0.5)

20.9
(0.70)

7.0
(0.2)

7.7
(0.4)

7.0
(0.24)

4.5
(0.26)
9.42

(0.45)
0.714
(0.010)
0.20

(0.02)
20.34
(0.56)

10.17
(0.20)

10.17
(0.60)

19.1
(0.55)
14.8

(0.34)

68
(1.51)
2.24

(0.12)

989.4
(0.62)

81
(10.8)

2.3
(0.14)

4.3
(0.5)

22.5
(0.70)

8.9
(0.2)

11.0
(0.3)

6.9
(0.25)

4.4
(0.26)
9.17

(0.39)
0.704
(0.007)
0.22

(0.02)
19.18
(0.5)

9.70
(0.16)

9.48
(0.54)

17.1
(0.40)
13.9

(0.35)

72
(1.30)
2.03

(0.11)

990.8
(0.66)

78
(9.2)
2.3

(0.14)
4.8

(0.3)

19.4
(0.45)

10.5
(0.2)

13.2
(0.3)

6.8
(0.26)

4.6
(0.25)
7.72

(0.39)
0.701
(0.012)
0.23

(0.03)
15.28
(0.42)

8.03
(0.18)

7.25
(0.43)

11.3
(0.46)
10.3

(0.25)

77
(1.15)
1.57

(0.08)

992.2
(0.77)

64
(8.6)
2.6

(0.17)
5.5

(0.5)

12.0
(0.45)

11.1
(0.2)

13.5
(0.2)

7.4
(0.22)

5.4
(0.31)
4.98

(0.34)
0.721
(0.012)
0.19

(0.03)
9.64

(0.37)

5.68
(0.11)

3.96
(0.33)

5.3
(0.48)

7.4
(0.23)

80
(0.87)
0.89

(0.15)

993.2
(1.25)

63
(9.1)
3.0

(0.21)
5.9

(0.4)

4.8
(0.45)

10.6
(0.1)

12.1
(0.2)

8.3
(0.19)

6.7
(0.27)
2.47

(0.24)
0.759
(0.010)
0.14

(0.02)
4.64

(0.21)

3.16
(0.09)

1.48
(0.17)

–1.3
(0.65)

5.0
(0.23)

84
(0.82)
0.60

(0.13)

993.5
(1.69)

52
(5.7)
3.0

(0.20)
6.4

(0.5)

–1.8
(0.64)

9.3
(0.2)

9.9
(0.2)

8.7
(0.20)

7.8
(0.27)
1.08

(0.15)
0.770
(0.010)
0.12

(0.02)
1.96

(0.12)

1.54
(0.06)

0.42
(0.07)

–5.8
(0.86)

3.7
(0.22)

84
(0.80)
0.33

(0.09)

991.8 
(1.37)

52
(5.6)
3.1

(0.19)
6.0

(0.6)

–6.4
(0.84)

7.7
(0.2)

7.7
(0.2)

8.9
(0.17)

7.9
(0.26)
0.63

(0.140)
0.774 
(0.012)
0.12

(0.03)
1.22

(0.07)

1.06
(0.05)

0.16
(0.03)

5.4
(0.29)

7.8
(11)

74
(0.46)
1.08

(0.08)

992.0
(0.37)
685

(31.5)
2.8

(0.15)
5.8

(0.7)

6.0
(0.28)

7.6
(0.2)

8.0
(0.2)

7.7
(0.10)

5.8
(0.12)
4.83

(0.11)
0.719
(0.006)
0.19

(0.01)
10.03
(0.13)

5.55
(0.08)

4.47
(0.14)



1.7°C, the annual amount of precipitation, by 64.5 mm (mainly due to the larger amount of precipitation in
2013), and the total amount of cloudiness, by 0.5. 

Let us con sider sea sonal fea tures of interannual vari abil ity of ma jor me te o ro log i cal pa ram e ters. Pos i tive 
air tem per a ture trends are ob served in all months of the year but are the most pro nounced in Jan u ary
(0.07°C/year) and March–April (0.06°C/year). The trend is less pro nounced in June and Sep tem ber
(0.02°C/year). Trends for pre cip i ta tion are more di verse: the trend to wards pre cip i ta tion de crease is ob -
served in spring (in April and May) whereas sig nif i cant pos i tive trends (up to 0.5–0.6 mm/year) are reg is -
tered in au tumn. Gen eral tem per a ture rise from No vem ber to Jan u ary by more than 2.5°C and cer tain de -
crease in the monthly mean tem per a ture in Feb ru ary (by 0.1°C) are clearly ob served when com par ing the
mean val ues of tem per a ture and pre cip i ta tion in the re cent de cade with the norm for 1961–1990. It should
be noted that in the re cent de cade Feb ru ary has be come the cold est month (the monthly mean tem per a ture is 
–7.8°C) in stead of Jan u ary. In all sea sons ex cept sum mer, con sid er able in crease in the amount of pre cip i ta -
tion as com pared with the norm was ob served in some months. The “dri est” month shifted from March to
April (see Ta ble 1). 

The variations of soil surface temperature are comparable with those of air temperature but have the larger
variation amplitude (31 and 27°C under the bare surface and under the natural cover, respectively). Let us
consider how soil temperature varies. Table 1 presents the example of  the average long-term variations of soil 
temperature at the depth of 240 cm in 1955–2013. According to the Fourier’s second law, the lag of the
maxima and minima of soil temperature is proportional to the depth; therefore, the maximum is reached
only in September and the minimum, in April. The amplitude of annual variations at this depth is 6.7°C under
the natural cover and 10.4°C under the bare surface. In summer and autumn soil temperature under the
natural cover is lower than under the bare surface due to additional heat loss for transpiration. In winter and
spring, the relationship is opposite due to the heat isolating role of the snow cover. In Moscow the snow
cover usually forms in November and melts in April [14]; however, as a rule, soil temperature under the
bare surface at the depth of 240 cm starts exceeding its temperature under the natural cover only in June. 
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Table 1. (Contd.)

Parameter, period Jan-
uary

Feb-
ru-
ary 

March April May June July Au-
gust

Sep-
tem-
ber 

Oc-
to-
ber

No-
vem- 
ber

De-
cem- 
ber

Year

Total radiation
balance B, MJ/m2

(1958–2013)
Total long-wave
balance Bd, MJ/m2

(1958–2013)
Surface albedo, %
(1958–2013)
Total photosynthetic 
active radiation
QPAR, MJ/m2

(1998–2013)
Natural illuminance, 
klx h (1964–2013)
Total UV radiation
in spectrum range of 
300–380 nm, kJ/m2

(1968–2013)
Total erythema
radiation, kJ/m2

(1999–2013)
Maximum UV index 
(1999–2013)

–0.88
(0.12)

–1.62
(0.16)

62
(1.6)
0.7

(0.1)

54 
(3)
77 
(3)

0.11
(0.0)

0.8 

–0.72
(0.14)

–2.40
(0.21)

63
(2.0)
1.7

(0.1)

128
(6)
177
(7)

0.29
(0.08)

2.7

0.95
(0.24)

–3.72
(0.23)

48  
(3.4)
3.7

(0.2)

263  
(9)
347
(13)

0.79
(0.21)

3.8

5.54
(0.20)

–5.37
(0.28)

18
(1.2)
5.8

(0.2)

392
(12)
502
(15)

1.39
(0.37)

4.9

8.82
(0.29)

–6.07 
(0.32)

20
(0.4)
8.2

(0.6)

566
(18)
726
(20)

2.28
(0.61)

6.4

10.02 
(0.28)

–6.12 
(0.31)

20
(0.4)
8.9

(0.6)

624
(18)
828
(23)

2.77
(0.74)

7.7

9.57
(0.27)

–5.81 
(0.32)

20
(0.5)
8.4

(0.2)

590
(16)
783
(19)

2.78
(0.74)

7.2

6.87
(0.22)

–5.35 
(0.28)

20
(0.6)
6.4

(0.4)

472
(12)
628
(17)

2
(0.54)

6.2

3.42
(0.15)

–4.32 
(0.24)

20
(0.6)
4.0

(0.3)

292
(12)
381
(14)

1.13
(0.3)

4.5

0.71
(0.09)

–2.95 
(0.20)

21
(1.3)
1.8

(0.2)

136
(6)
181
(8)

0.42
(0.11)

2.5

–0.58
(0.10)

–1.80
(0.15)

37
(2.9)
0.7

(0.1)

54  
(3)
77  
(4)

0.14
(0.04)

1.2

–0.84 
(0.10)

–1.39 
(0.13)

54
(2.7)
0.4

(0.1)

32
(2)
50
(2)

0.07
(0.02)

0.5

3.60
(0.09)

–3.92
(0.17)

25
(0.7)
4.2

(0.1)

300
(4)
396
(6)

1.18
(0.32)

7.7*

Note: The values of P2 and AOD550 are computed from the data of direct radiation measurements. In brackets,
confidence intervals are given (±) at the 95% confidence probability for mean values estimated from their interannual
variability. Maximum value of UV index during the year is marked with the asterisk.  



The interannual variability of average annual values of soil temperature at the depth of 240 cm typical of 
both areas is presented in Fig. 1a. It is clear that the temperature rose and the rate of this growth was much
higher (0.04°C/year) under the bare surface than under the natural cover (0.03°C). This is evidently associ-
ated with the absence of the heat-insulating layer of the snow cover in winter and of the cover of grass and
sod during the warm season. According to the Student’s test, both trends are statistically significant with
the confidence probability of 0.95. It should be noted that the values of the rate of increase in soil tempera-
ture and air temperature for this period are rather similar. 

Let us con sider the fea tures of the wind re gime. Ac cord ing to the long-term sodar data, in 2004–2012
the south west ern wind with the speed from 5 to 10 m/s pre vailed over Mos cow in the air layer at the height
from 40 to 500 m (Fig. 2). The north ern and north east ern wind di rec tions were reg is tered more rarely [17].
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Table 2. Average monthly and annual values of aerosol and gas pollution of atmosphere and acidity and
mineralization of precipitation 

Pa ram e ter,  pe riod  Jan- 
uary

Feb-
ru-
ary

March April May June July Au -
gust

Sep -
tem -
ber

Oc-
tober

No-
vem- 
ber

De-
cem- 
ber

Year

Aero sol char ac ter is tics

Aerosol optical
depth at the wave-
length of 500 nm,
AOD500 from
AERONET data
(2001–2013)
Angstrom’s wave
parameter in the
spectral range of
440–870 nm from
AERONET data
(2001–2013)
Concentration of
PM2.5 (2011–2013)

0.10
(0.01)

1.38
(0.11)

17.0
(8.5)

0.15
(0.02)

1.39
(0.11)

18.8
(15.1)

0.17
(0.02)

1.40
(0.07)

12.8
(8.5)

0.23
(0.02)

1.47
(0.05)

18.4
(6.6)

0.20
(0.01)

1.47
(0.08)

22.4
(12.9)

0.16
(0.01)

1.61
(0.07)

23.2
(13.9)

0.24
(0.02)

1.72
(0.07)

23.4
(3.3)

0.31
(0.08)

1.60
(0.05)

22.0
(0.8)

0.24
(0.06)

1.53
(0.05)

16.4
(8.9)

0.13
(0.02)

1.41
(0.13)

14.8
(7.7)

0.09
(0.01)

1.35
(0.1)

14.5
(8.7)

0.07
(0.01)

1.42
(0.17)

16.6
(7.4)

0.18
(0.03)

1.47
(0.05)

18.3
(7.3)

Con cen tra tion of gas ad mix tures

O3, ppb
(2002–2013)
NO, ppb
(2002–2013)
NO2, ppb
(2002–2013)
CO, ppm
(2002–2013)
CO2, ppm
(2002–2013)
SO2, ppb
(2004–2013)

8.8
(1.6)
18.0
(5.9)
21.7
(4.4)
0.5

(0.1)
403
(6)
1.5

(0.9)

10.8
(1.5)
21.7
(5.5)
25.5
(1.8)
0.6

(0.1)
405
(7)
2.3

(1.5)

20.0
(1.9)
12.9
(4.7)
24.0
(2.5)
0.5

(0.1)
399 
(6)
1.6

(0.8)

22.0
(1.9)
12.2
(2.6)
26.2
(3.8)
0.5

(0.1)
398
(4)
1.4

(0.5)

22.25 
(1.2)
9.5

(1.4)
20.6
(1.9)
0.5

(0.1)
391
(4)
1.2

(0.3)

19.5
(2.2)
9.3

(2.7)
17.7
(2.6)
0.4

(0.1)
381
(5)
1.4

(0.8)

20.0
(3.8)
11.2
(3.4)
20.6
(3.3)
0.5

(0.2)
384
(5)
1.2

(0.2)

16.3
(2.1)
14.1
(2.6)
22.0
(3.9)
0.6

(0.3)
385
(6)
1.5

(0.5)

9.9
(1.2)
21.4
(5.8)
19.2
(2.9)
0.5

(0.2)
388
(5)
1.2

(0.6)

8.4
(1.1)
16.8
(4.2)
18.4
(2.7)
0.4

(0.1)
392
(7)
1.0

(0.3)

7.4
(1.2)
15.2
(5.1)
18.2
(3.4)
0.4

(0.1)
396
(6)
1.0

(0.3)

7.3
(1.5)
17.6
(4.5)
20.5
(3.6)
0.5

(0.1)
399
(6)
1.2

(0.5)

14.4
(0.7)
15.0
(1.9)
21.2
(1.8)
0.5

(0.1)
393
(4)
1.4

(1.4)

Pre cip i ta tion

Acid ity of pre cip i ta -
tion, pH
(1981–2013)
Min er al iza tion, mg/l 
(1981–2013)

5.9
(0.2)

20.4
(2.8)

5.4
(0.2)

19.6
(3.4)

5.1
(0.3)

27.7
(4.1)

5.0
(0.3)

28.4
(5.4)

4.8
(0.3)

21.5
(5.9)

4.6
(0.2)

17.7
(3.9)

4.6
(0.2)

15.2
(3.8)

4.6
(0.2)

16.3
(3.9)

5.0
(0.2)

16.0
(2.7)

5.2
(0.2)

12.5
(2.4)

5.6
(0.2)

18.5
(3.0)

5.7
(0.2)

18.2
(3.6)

4.9
(0.2)

17.8
(1.4)

Note: In brack ets, con fi dence in ter vals are given (±) at the 95% con fi dence prob a bil ity for mean val ues es ti mated from
their interannual vari abil ity.



Max i mum val ues of the av er age wind speed in the air layer at the height from 40 to 200 m (the es ti mate of
the wind speed in this layer is the most re li able) were usu ally ob served in late au tumn (more than 6 m/s) and 
min i mum val ues, in sum mer (less than 5 m/s) (see Ta ble 1). The av er age an nual value of the wind speed
was equal to 5.4 m/s. Ad di tional fea tures of its an nual vari a tions were sta tis ti cally in sig nif i cant and in di -
cated the pe cu liar i ties of weather con di tions in sep a rate years. Sim i lar re la tion ships were also ob served for
the sea sonal vari a tions of the sur face wind speed but the val ues of the wind speed were smaller by about
twice. Interannual nonperiodic vari a tions of wind speed in the air layer of 40–200 m were rather sig nif i cant
and com pa ra ble with the dif fer ences in an nual vari a tions; the monthly mean wind speed var ied within wide
lim its, from 3 to 8 m/s, de pend ing on syn op tic con di tions. For ex am ple, it turned to be ex tremely low (less
than 4 m/s) both in very hot July 2010 and in very frosty Feb ru ary 2006 at the prev a lence of an ti cy clonic
weather. The re cord high val ues of wind speed av er aged for 10 min utes reached 34–35 m/s in sep a rate
cases (usu ally in the up per part of the sound ing range, in the air layer at the height above 400 m). Such
strong wind was pos si ble un der con di tion that Moscow is located in in ten sive gra di ent flows and on the pe -
riph ery of large pres sure for ma tions (usu ally deep and vast cy clones) as well as at the si mul ta neous for ma -
tion of low-level jets in the wind pro file [16]. 

One of the basic climate-forming factors is the radiation balance of the underlying surface B. It is known 
that under stationary conditions the heat state of the Earth surface and the surface air layer  is defined by the
value and sign of B. Since the late 1970s, the trend has been observed towards the radiation balance
increase that corresponds to the positive trend in air temperature and soil temperature (see Figs. 1a and 3).
The especially dramatic increase in the total annual radiation balance has been observed since 1994 [6].
The regularities of long-term variations of B are defined by the variability of the relationship between
downward and upward short- and long-wave fluxes. In the long-term variations of downward short-wave
radiation (Q), the decrease was observed till the late 1980s as well as certain increase in following years
mainly due to the changes in the total amount of cloudiness and amount of low-level clouds. This increase
in Q takes place due to increase in direct solar radiation (Fig. 3) associated with decrease in the amount of
low-level cloudiness as well as with the significant decrease (by 40%) of aerosol atmospheric turbidity. It is 
known that since the 1990s decrease in the cloudiness and aerosol optical depth is of global nature [1, 25,
35, 39] and is clearly observed on the territory of Europe that can, in turn, slightly increase regional positive 
trends in air temperature [39]. The short-wave part of the radiation balance slightly increased since the
middle of the 1990s due to the reduction of the period with the snow cover; this considerably decreased
reflected radiation Rk. In several recent years, this trend decreased because now the snow cover exists till
the middle of April (Fig. 3). Statistically insignificant trends towards small increase in short-wave radiation 
balance (by 3%) and more significant increase in long-wave radiation balance (by 7%) are observed for the
whole observation period. Thus, the statistically significant positive linear trend of radiation balance
observed is defined not as much by the increase in its short-wave part as by considerable increase in the
long-wave balance due to the increase in the downward long-wave radiation [7]. 

The stud ies of interannual vari a tions of nat u ral illuminance re vealed the ex is tence of its quasicyclic
vari a tions in 1964–2013 (Fig. 4a). How ever, the lin ear trend of its vari abil ity is sta tis ti cally in sig nif i cant.
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Fig. 1. Interannual variability of (a, 1) air temperature and soil temperature at the depth of 240 cm in (2) bare and (3) covered
areas and (b, 4) total cloudiness Na, (5) low-level cloudiness Nl, and (6) amount of precipitation P. Here and in other figures
the solid thin lines mark polynomial trends.  



The max i mum of nat u ral illuminance was ob served in 1967 and 2002 (about 120 ́  106 lx/year) and the min -
i mum, in 1974 and 2008 (about 100 ́  106 lx/year).

The anal y sis of long-term vari abil ity of the to tal PAR in the spec tral range of 400–700 nm was car ried
out for the whole veg e ta tion pe riod with the av er age daily air tem per a ture above 5°C (Fig. 4a). In Mos cow,
this is the pe riod be tween April 15 and Oc to ber 15, when the com ing PAR is about 1240 MJ/m2. It should
be noted that cer tain trends to wards the PAR in crease has been ob served in re cent years; how ever, the lin -
ear trend is sta tis ti cally in sig nif i cant. In gen eral, in the interannual vari abil ity the same trends are ob served
as in the vari a tions of to tal ra di a tion (Figs. 3 and 4a) with con sid er able in crease since the mid dle of the 1980s. 
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Fig. 2. The wind rose in the air layer of 40–500 m for 2004–2012 ac cord ing to the MODOS sodar in stalled at the MSU MO
with si mul ta neous data on the wind speed (con cen tric cir cles, m/s). The to tal num ber of cases is 3000000. Fre quency is shown 
with con cen tric cir cles of dif fer ent col ors. The max i mum fre quency of the wind speed in sep a rate seg ments is black- and
blue-colored. 

Fig. 3. Interannual vari abil ity of to tal an nual com po nents of ra di a tion bal ance in 1958–2013: (1) di rect ra di a tion; (2) dif fused
ra di a tion; (3) to tal ra di a tion; (4) re flected ra di a tion; (5) short-wave bal ance; (6) to tal ra di a tion bal ance. 



The anal y sis of the to tal daily UV ra di a tion in the spec tral band of 300–380 nm re vealed its con sid er -
able sea sonal vari a tions: from 50 kJ/m2 in De cem ber to 828 kJ/m2 in June. The av er age value of the to tal
an nual UV ra di a tion in the spec tral range of 300–380 nm for the whole ob ser va tion pe riod was equal to
145.2 kJ/m2. In gen eral, the rel a tive interannual vari abil ity of UV ra di a tion in the spec tral band of 300–
380 nm is lo cated in the lim its of about ±10%. How ever, con sid er able in crease in the UV ra di a tion has
been ob served since the mid dle of the 1980s that cor re sponds to the interannual vari a tions of op ti cally most 
dense low-level clouds. For ex am ple, the min i mum to tal an nual UV ra di a tion falls on the pe riod from the
sec ond half of the 1970s to the mid dle of the 1980s, when con sid er able in crease was reg is tered both in the
to tal amount of cloud i ness and in the amount of low-level clouds (Fig. 4b). In 1978 and 1980, its an nual
in flux was smaller by 11% as com pared with the mean value for re cent 15 years. 

The anal y sis of bi o log i cally ac tive er y thema ra di a tion with the ef fec tive wave length within the UV-B
band dem on strated its more con sid er able interannual vari a tions than for UV ra di a tion in the spec tral band
of 300–380 nm mainly due to the ad di tional im pact of ozone. For ex am ple, the ab so lute max i mum of com -
ing er y thema ra di a tion (+11%) was reg is tered in 2011 due to rel a tively small to tal ozone con tent and de -
crease in the ef fec tive amount of low-level cloud i ness [4, 30]. 

Basing on the data of the MSU MO mea sure ments and us ing the worked out method [34], the re sources
of UV ra di a tion for Mos cow were es ti mated, namely, the pe ri ods with con di tions for the UV op ti mum, UV
in suf fi ciency, and UV ex cess. For ex am ple, the con di tions for the UV op ti mum, when the use ful dose of
UV ra di a tion can be ob tained fa vor ing the for ma tion of vi ta min D and when there is no high UV doses fa -
vor ing the er y thema for ma tion, are ob served in Mos cow from March 9 to April 22 and from Sep tem ber 6 to 
Oc to ber 16 on av er age. Con di tions for the 100% UV in suf fi ciency ex ist from the mid dle of No vem ber to
late Jan u ary. 

3.2. Pe cu liar ities of Gas-Aerosol At mo spheric Pol lu tion

Ac cord ing to the data of the measurements of aero sol at mo spheric char ac ter is tics at the MSU MO in the
frame work of AERONET, the aero sol op ti cal depth (AOD) at the wave length of 500 nm is equal to 0.18
(Ta ble 2) that is con sid er ably smaller than in the WCP112 con ti nen tal model (AOD500 = 0.22) [40]. The rise 
of AOD un der con di tions of ur ban aero sol pol lu tion as com pared with the data of mea sure ments at IAP
RAS Zvenigorod re search sta tion is about 0.02 in the vis i ble spec trum range and con sid er ably in creases in
win ter [33]. 

Sea sonal vari a tions have the dou ble spring and sum mer max i mum of AOD which is typ i cal of this re -
gion. The value of the Ang strom wave pa ram e ter that in di cates qual i ta tively the par ti cle size, var ies con sid -
er ably dur ing the year with the max i mum dur ing the warm pe riod. This in di cates the prev a lence of fine-
dis persed aero sol prob a bly as so ci ated with the pro cesses of the sec ond ary par ti cle for ma tion (Ta ble 2). The 
data of mea sure ments of the spec tral ra di ance with the CIMEL pho tom e ter of AERONET net work also
indicate this reg u lar ity [32]. The sur face con cen tra tion of aero sol par ti cles with the di am e ter of less than
2.5 mm (PM2.5) ob tained from the data of mea sure ments in the eco log i cal pa vil ion of the MSU MO also
reaches the sig nif i cant max i mum in sum mer (June–Au gust). The small est max i mum of PM2.5 con cen tra tion 
is also ob served in win ter (De cem ber–Feb ru ary). The anal y sis of av er age daily val ues of PM2.5 dem on -
strates that in some cases they ex ceed the es tab lished hy gienic stan dard for av er age daily con cen tra tion.
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Fig. 4. Interannual relative variability of (a, 1) natural illuminance, (2) total photosynthetic active radiation in the spectrum
band of 400–700 nm during vegetation period with the mean air temperature above 5°C and (b, 3) erythema radiation and
(4) total UV radiation in the spectrum range of 300–380 nm. Average total values relative to which the normalization was
carried out, were taken for the period of 1999–2013. They are equal to 112.5 ́  106 lx h for natural illuminance, 1272.1 MJ/m2

for PAR (T > 5°C), 148.5 MJ/m2 for the UV radiation, and 433.4 kJ/m2 for the erythema radiation.



The num ber of cases with such ex ceed ing was equal to 4, 10, and 31 in 2011, 2012, and 2013, re spec tively.
The av er age an nual con cen tra tion of PM2.5 in creases as well: 14.6, 18.5, and 21.4 mg/m3 in 2011, 2012, and
2013, re spec tively. At the same time, the max i mum sin gle val ues of MPC of PM2.5 dur ing the ob ser va tion
pe riod were not ex ceeded. 

Let us consider the seasonal nature of variations of gas admixtures. The seasonal variations of
concentration with the essential maximum in spring and secondary maximum in the middle of summer are
typical of surface ozone. Variations of the concentration of NO from year to year demonstrate the maxima
in February and September and considerable decrease in summer. The certain influence on seasonal
variations of CO was exerted by considerable weather anomalies in August 2002 and 2010 accompanied by 
peat fires in the Moscow region and by the dramatic increase in CO concentration in Moscow. The
concentration of carbon dioxide has the typical minimum in summer. 

The high con cen tra tion of SO2 was reg is tered in Feb ru ary, when due to the considerable tem per a ture
drop (in par tic u lar, in 2005–2006) heat-and-power plants of Mos cow used the sources of re serve fuel (fuel
oil) whose com bus tion was ac com pa nied by the sig nif i cant emis sions of CO2. Large con fi dence in ter vals of 
con cen tra tions of gas ad mix tures as com pared with their mean val ues, es pe cially for NO, NO2, and SO2, are 
ex plained by con sid er able interannual vari a tions of their con cen tra tion. The sim i lar con clu sion was made
in [8] ac cord ing to the data of Mosekomonitoring. 

The pre lim i nary anal y sis of the long-term vari a tions of the con cen tra tion of gas im pu ri ties does not en -
able as sert ing un am big u ously that there are sta tis ti cally sig nif i cant trends, al though trends ex ist to wards the 
de crease in the at mo spheric pol lu tion over Mos cow with ni tro gen ox ide and car bon ox ide. At the same
time, the reg is tered in crease in the con cen tra tion of CO2 is ob served through out the globe. Af ter the fur ther
ac cu mu la tion of ob ser va tion data, the anal y sis of long-term trends will be con tin ued.      

As com pared with the meg a lop o lises of Eur asia and Amer ica, quite mod er ate level of gas pol lu tion of
the at mo sphere over Mos cow should be noted. It is ni tro gen ox ides that mostly pollute the air over Mos -
cow. Their con cen tra tion is com pa ra ble with that in big cit ies in in dus trial coun tries. The av er age con cen -
tra tion of ozone, car bon mon ox ide, and sul fur di ox ide in the at mo sphere over Mos cow is much lower than
in the ma jor ity of world meg a lop o lises and ex ceed MPC in ex treme cases only (wild fire smoke screen ing).
As com pared with other ob ser va tions of the gas com po si tion of at mo sphere car ried out in Mos cow, the ob -
ser va tions at the MSU MO are no ta ble ad van ta geously for the rel a tive re mote ness from high ways and other 
lo cal pol lu tion sources that en ables ob serv ing more clearly the pol lu tion pic ture typ i cal of the city. The av -
er aged ob ser va tion data agree well with the data of Mosekomonitoring.

The lim ited vol ume of the pa per does not en able giv ing the more de tailed anal y sis of variations of
concentrations of gas impurities in the at mo sphere over Mos cow. Pa pers [3–5, 10] pres ent the de tailed in -
for ma tion about the fea tures of air pol lu tion with gas over the city ac cord ing to the data of ob ser va tions in
the eco log i cal pa vil ion of the MSU MO. 

The anal y sis of the chem i cal com po si tion of pre cip i ta tion and its acid ity car ried out at the MSU MO
since 1980 dem on strates sig nif i cant sea sonal and interannual vari abil ity (Fig. 5). The per cent age of acid
pre cip i ta tion with pH < 5 is 20.7% for a year on av er age, 31.0% for a warm sea son, and only 5.7% for win -
ter. At the be gin ning of ob ser va tions in 1980–1991, the mean acid ity amounted to 4.8 pH and the per cent -
age of acid pre cip i ta tion, about 25% of all pre cip i ta tion dur ing the year. How ever, from 1999 to 2004, the
amount of acid pre cip i ta tion de creased dra mat i cally and the mean value of its pH for these years was 5.6.
Since 2005, the amount of acid pre cip i ta tion was sig nif i cant again and its con tri bu tion in creased from year
to year. In 2009–2012, one third of all pre cip i ta tion sam ples had pH < 5.0 and the mean pH was equal to 4.8 
in these years [12]. Av er age an nual val ues of pre cip i ta tion min er al iza tion var ied from 11.8 mg/l (2001) to
27.0 mg/l (1991). Mean min er al iza tion was about 20 mg/l till the late 1990s and about 15 mg/l in re cent
years. The de crease in pre cip i ta tion con tam i na tion took place mainly due to the de crease in the con tent of
sul fate ions, chlo rides, cal cium, and so dium. The con tent of hy dro car bon ions in creased dur ing the pe riod
of the ab sence of acid pre cip i ta tion (1999–2004), and the con cen tra tion of chlo rides started in creas ing con -
sid er ably since 2005. In the area of the MSU pre cip i ta tion was usually re ferred to the sul fate-calcium class
but in re cent years it has been referred to the chlo ride-calcium class due to the sul fate con tent de crease. 

To as sess the spa tial reg u lar i ties of the chem i cal com po si tion of the snow cover in Mos cow and the
Mos cow re gion, the sam pling and anal y sis of sea sonal snow are car ried out. It was re vealed that the pol lu -
tion of sea sonal snow de creases as mov ing away from Mos cow in all di rec tions; the pol lu tion of snow in
the cen ter of Mos cow is larger than in its out skirts and in the Moscow re gion by more than three times. The
sig nif i cant source of snow pollution is high ways. In ur ban con di tions, the pur est sam ples of the snow cover
are usu ally taken at the site of the MSU MO lo cated on the ter ri tory of the Bo tanic Gar den [11]. 
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4. DIS CUS SION AND CON CLU SIONS

Basing on the MSU MO measurement data, the conclusion can be made on the considerable warming of
regional climate in recent 60 years, that is,  the temperature trend of 0.04°C/year in 1954–2013 increased to
0.07°C/year in 1976–2012. In general, the increase in the rate of temperature rise in recent years agrees
with the general global trend. According to the MSU MO data, the value of the trend is close to the tempera- 
ture trend in CFD and slightly exceeds it [22]. The reasons for additional temperature rise in the city can be,
for example, the expansion of urban building and the development of urban infrastructure causing
additional heat radiation due to heat emissions from different industrial enterprises, heat-and-power plants,
and other sources. This results not only in the air temperature rise but also in the increase in water vapor
content. For example, according to the AERONET data, in winter the significant increase in atmospheric
moisture content was registered over Moscow as compared with the suburbs [33]. According to the MSU MO
measurement data, the positive trend in downward long-wave radiation is also observed [2]. High-accuracy
measurements of this radiation demonstrated that temperature and atmospheric moisture content closely
correlated with it, are the most efficient factors of radiation increase [37]. It should be noted that increase in
the downward long-wave radiation in the city can also be a result of the emission of other greenhouse gases, 
for example, CO2 to the atmosphere. It is known that even in the cities with the population of a bit more
than 500000 people the concentration of CO2 can exceed carbon dioxide content in suburbs by 8.5% [29];
however, this mechanism is not crucial [41]. In turn, the long-wave radiation increase results in the addi-
tional air temperature rise in large urban agglomerates, i.e., the mechanism works of the positive feedback.
Such mechanism should be taken into account for explaining more significant trends of air temperature in
Moscow as compared with CFD. The considerable impact of long-wave radiation increase on the positive
dynamics of air temperature was also demonstrated in the studies carried out in Switzerland [38]. 

Thus, low-frequency os cil la tions man i fested in the vari abil ity of me te o ro log i cal and ra di a tion pa ram e -
ters are ob served in Mos cow. Ac cord ing to the ob ser va tion data on the chem i cal com po si tion and acid ity of 
pre cip i ta tion in re cent 30 years, the pe ri od ic ity of pre cip i ta tion acid ity vari a tions and the prev a lence of dif -
fer ent ions in dif fer ent ob ser va tion pe ri ods were re vealed. 

The au thors of the pres ent pa per could not con sider all pe cu liar i ties of cli mate changes in Mos cow and
carry out their de tailed anal y sis but plan to do this in the fu ture. The ob jec tive was to dem on strate gen eral
trends in cli ma tic and en vi ron men tal char ac ter is tics in Mos cow and the in ter re la tions be tween some of
them. The car ry ing out of the set of mea sure ments dur ing 60 years en ables con sid er ing all pro cesses and
their in ter re la tions and ob tain ing a suf fi cient num ber of in put pa ram e ters for nu mer i cal ex per i ments at dif -
fer ent mesoscale at mo spheric mod els.
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