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Results of synchronous remote measurements of the wind velocity profiles in 
the atmospheric boundary layer above Moscow and in а rural area 45 km from 
Moscow are given. Continuous measurements were carried out for one month 
Ьу Doppler acoustic sonars ( sodars). Random and systematic differences in the 
vertical profiles of the wind velocity in the city atmosphere from the atmosphere 
in the rural area have been discovered at altitudes up to 100 m. Above 150 m, 
the wind velocity and direction do not differ very much at these two posts. 

INTRODUCTION 

EstaЫishing the patterns of winds Ыowing over а city is important for planning the future location 
of industrial projects and settlements and for determining the possiЫe wind loads on buildings and other 
objects. First-hand data on the velocity and direction of winds in the mixing layer are needed as input data 
for short-term forecasting of ground concentrations of pollutants via dispersion models. Various models have 
been developed that describe the distribution of pollutants in the city atmosphere (Ьох models), models 
that directly employ the proportionality of the impurity concentration С to the "ventilation parameter" 
(HV)- 1 , where Н is the altitude of the mixing layer, and V is the average wind velocity in this layer [1) . 
The dependence of С on the wind velocity over Moscow was experimentally corroborated in [2, 3). 

The data on the wind field over а city are usually limited to the data from ground weather stations 
located within the city limits and in the suburbs and also the data for aerological proЬing done far from the 
city center. The changes introduced Ьу the city into the local structure of the atmospheric boundary layer 
can strongly influence the wind velocity field. Hence the need to study the degree of representaЬility of the 
data from the city outskirts for the city atmosphere. 

In many countries the wind field over cities has been studied Ьу remote acoustic sensing via Doppler 
acoustic sonars (sodars) [4-6) . There are even city weather stations equipped with Doppler sodars for 
monitoring the wind field [7, 8). In several cities, such as Rome [9] and Paris [10, 11), sodar networks have 
been used to synchronously measure the wind velocity within city limits and in the outskirts. However, such 
measurements have been scant and their results cannot Ье reliaЬly generalized to other regions and cities. 

This paper presents the results of analysis of synchronous remote measurements of the wind velocity 
profiles done in 1993 in the atmospheric boundary layer above Moscow and in the rural area 45 km from 
Moscow. А brief discussion of the preliminary results of these measurements has been puЬlished in [12). 
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The physical principles of the acoustic sensing of а wind field and the parameters of а Latan-1 three­
component Doppler monostatic sodar, two identical copies of which were used in the given experiment, are 
thoroughly discussed in (13]. Here we only note that the echo signal of а monostatic sodar is determined 
from the backscattering (at an angle of 180°) of acoustic waves on small-scale turbulent inhomogeneities 
of temperature. In the regions where the intensity of the temperature fluctuations is low (е. g., above 
the upper boundary of the surface inversion layer, where thermal stratification is close to neutral), sodar 
measurements of the wind velocity are impossiЫe because of the small signal-to-noise ratio. This feature of 
remote measurements (also inherent in radars and lidars) limits the altitude range of comparisons of wind 
velocities. since the inversion altitude in rural areas is much smaller than in the city (3]. 

One sensing post was located on the roof of the three-story building of the Obukhov Aerophysics 
Institute of the Russian Academy of Sciences (AI RAS) in the center of Moscow. 

The second post was located on the grounds of the Zvenigorod Research Station (ZRS) of AI RAS in 
the rural area not far from the town of Zvenigorod, which is 45 km to the west from Moscow. The remoteness 
of the post was sufficient for the "trail" of the city's island of heat to have no effect, no matter what the 
direction of winds were, while it made it possiЫe to ignore the differences in the synoptic conditions at the 
two posts. 

Round-the-clock measurements at both posts began on October 14 and ended on November 5. The 
measurements of the vertical profiles of velocity V and direction <р of winds were done with а 40-min 
averaging time from the beginning of each hour, except for periods of strong precipitation and for technical 
reasons. The strong acoustic traffic noise in the center of Moscow in daytime often limited the altitude of 
reliaЫe determination of the values of V and <р to 150-200 m, while the lower sensing level was limited Ьу 
parasitic reflections from buildings. The sensing range at ZRS at night was limited Ьу low-level inversion, 
above which the turbulent fluctuations needed for echo-signal formation were practically nil. Hence, to keep 
the sampling volume constant, at each post only four intervals out of the availaЫe sensing altitude range 
were chosen, intervals that most fully characterized the wind profile and the variation of the acoustic signal 
in the 24-hour cycle in the appearance and destruction of inversion layers and convective structures. The 
median altitudes of each interval amounted to 69, 98, 142, and 186 m, respectively. Thus, the values of the 
measured quantities were averaged over 30-40-m altitude intervals. For comparison we used synchronous 
observations in Moscow and at ZRS with sufficiently high signal-to-noise ratios for all selected altitudes. 

The autumn period of observation was characterized Ьу an insignificant 24-hour variation in the wind 
velocity and temperature and Ьу weakly staЫe or weakly unstaЫe thermal stratification. In that season, 
transient processes in the morning and evening hours have little effect on the measurements, while, for 
example, in summer the wind velocity profile undergoes strong transformations in the same hours. Hence, 
during the experiment the differences in the stratification types at the two posts were determined Ьу the 
city's "heat island" rather than Ьу the different location of the posts or Ьу synoptic processes. Nevertheless, 
complete conformity in the stratification types ( estimated Ьу the shape of the sodar echo signals in the 
facsimile records) was observed only in 60-70% of the total observation time. 

2. RESULTS OF COMPARISON OF ТНЕ WIND VELOCITIES IN MOSCOW 
AND ТНЕ RURAL REGION 

Figure 1 shows examples of comparison of some wind velocity profiles measured synchronously at the 
two posts. In Fig. la the profiles resemЫe each other, differing at different altitudes Ьу ±1 m/s, while in 
Fig. lb they differ strongly either in size or in slope. Such marked differences in profiles, exceeding 2-3 m/s, 
were observed in approximately 10% of all events and corresponded to periods when the echograms of the 
sodar signal also differed substantially. Apparently, these differences are related to local perturbations in 
the wind velocity and do not reflect the influence of the city, since they exist only for а short time and lead 
to а random spread in the data that are being compared. 

Figure 2 presents the results of measurements of the wind velocity at all altitudes in Moscow, Vм, 
and at ZRS, Vz , in the form of а correlation diagram. The correlation coefficient R(Vм, Vz) = 
(Vм-(Vм))(Vz-(Vz)) = 0.81 is extremely large if one takes into account the distance between the posts and 
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Fig. 1 

Examples of synchronous vertical wind velocity profiles in the center of Moscow and at ZRS 
in (а) similar and (Ь) diverse conditions. 
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Correlation diagram of observations of wind velocities in Moscow and at ZRS at all 
altitudes. The linear regression line is also shown. 

the small range of the wind velocities (from 2 to 13 m/s) . The diagram exhiЬits а systematic underestimation 
of the wind velocity Ьу approximately 1 m/s in the center of Moscow compared to the rural area. 

Figure 3 shows the correlation diagrams for each altitude separately, while the values of the linear 
regression Vм = AVx +В and the correlation coefficient R are listed in ТаЫе 1. The reader will recall that 
the measurement altitude h refers to the center of the volume over which the values of the wind velocity 
measured Ьу the sodar are spatially averaged. 

The diagrams and the data listed in ТаЫе 1 show that, as the altitude above the underlying surface 
increases, the difference in the wind velocities get smaller and, respectively, the correlation coefficient grows. 
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Fig. 3 

Correlation diagrams of synchronously measured wind velocities in the center of Moscow 
and at ZR.S in (а) similar and (Ь) diverse conditions. 

ТаЫе 1 

Coefficients of Linear Regression and Correlation 

Measurement altitude h, m 69 98 142 186 All altitudes 
А 0.75 0.85 0.88 0.96 0.97 
В, m/s -0.79 -0.11 -0.01 -0.50 -1.10 
R 0.63 0.72 0.79 0.87 0.81 

Since а characteristic feature of nighttime observations is а higher repetition rate of inversion, while 
in daytime the conditions are more favoraЫe for convection (which is very small in the observation period), 
the observational data should Ье divided into Ыocks according the time of day ( and night). 

From all simultaneous observations we selected the data gathered from 9:00 a.m. to 5:00 p.m. local 
time for the daytime sessions and from 9:00 p.m. to 5:00 a.m. for the nighttime sessions. The profiles 
belonging to each category were averaged irrespective of the value of the mean wind velocity. However, to 
guarantee homogeneity in statistical sampling, for the diagrams in Fig. 4 we used the data only for those 
cases where the wind velocity at both posts was measured at all four altitudes. As а result of such rejection, 
we were аЫе to take into account only those conditions in which the thermal stratification within а certain 
altitude sensing range was the same at both posts. 

Figure 4 shows that the averaged profiles taken at the two posts are very similar. The altitude 
dependence of the wind velocity, which is close to linear both at night and day, is characteristic of autumn 
with low convective activity. At nighttime the averaged profile of the wind velocity in the city has а somewhat 
larger slope, while during the day this slope is smaller than that of the rural slope. The differences in the 
average velocity are greater in the daytime than at night, but still they do not exceed 1.5 m/s. 

The difference in the wind direction in the center of Moscow and in the outskirts is shown in Fig. 5 
for the three upper levels of the sensing range. The wind directions at the lower level differ more strongly: 
approximately in 10% of the cases the differences in wind direction reach 30° (with 40-min averaging). 
The diagram exhiЬits а slight systematic shift of the "counterclockwise" direction (negative values), which 
is рrоЬаЫу caused Ьу а greater force of friction in the city, especially at small altitudes. On the whole, 
however, the diagram shows that the city has no noticeaЫe effect on the wind direction at altitudes of 
100-200 m. 

3. DISCUSSION OF RESULTS 

Analysis of the results of comparison has shown that in the lower part of the boundary layer the wind 
velocity above the city is, on the average, smaller than above the rural area. Such а decrease cannot Ье 
explained only Ьу the presence of а city 'Ъеаt island"; rather it can Ье attributed to а greater effective 
"roughness" area in the city, since in the autumn, when all measurements were made, the heating of the 
city Ьу solar radiation and internal heat sources is moderate. 
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Day and night wind velocity profiles averaged over the entire observation period. 
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The difference in wind direction in Moscow and at ZR.S, Л<р = <рм - <pz, averaged over all 
measurements. 

Most observations (about 90%) exhiЬit а staЫe dependence of the wind velocity difference between 
city and outskirts. The relatively rare cases when the shapes of the wind velocity profiles at the two posts 
differed substantially were рrоЬаЫу caused Ьу local perturbations of the wind velocity, and their formation 
can hardly Ье explained Ьу the effect of the city. However, the presence of such perturbations indicates the 
usefulness of sodar monitoring of the wind velocity within the city limits in order to monitor the potentially 
dangerous meteorological situations and to gather information for short-term forecasts. 
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The following differences in the velocity profiles have been estaЬlished : а change in the slope of the 
profile in the 24-hour cycle, а faster decrease in the wind velocity at altitudes below 100 m within the city 
limits, and а larger dispersion of the difference in the wind velocity over the city and over the rural area 
at low altitudes. On the whole, these patterns agree with the data of [14), which to our knowledge is the 
only puЬlication comparing the wind velocities in the boundary layer above Moscow and those far from 
the megapolis. However, the differences estaЫished in [14) were based on measurements done atop the 
Ostankino TV tower and the Obninsk (а town in the Kaluga region) tower and cannot Ье fully identified 
with the effect of the city due to the large distance between the observation posts. 

According to our measurements, the wind velocity in Moscow is on the average 1 m/s lower than that 
in the outskirts of Moscow at the same altitudes above the underlying surface. This conclusion does not 
work for small altitudes comparaЫe to the height of buildings. As repeatedly noted ( е. g., see review [15)), at 
small altitudes the wind field in the city undergoes more spatial variations due to the effect of city "canyons" 
and turbulent eddies around high buildings. The large dispersion of the differences in the wind velocity at 
lower sensing altitudes (Fig. 4) corroborates this fact and suggests that the prospects of generalizing the 
differences to altitudes up to 100 m (for example, on the basis of the data gathered on moderately high 
meteorological towers) are slim. It is for this reason, too, that meteorologists often use not the data on 
surface winds but the data on what is known as geostrophic wind, determined Ьу the pressure field. Thus, 
in cities sodar observations are almost the source of rapid-response monitoring of ageostrophic deviations 
of the wind velocity that appear in cyclogenesis and in the passage of wind fronts. 

CONCLUSION 

The use of acoust ic remote sensing has made it possiЫe to carry out synchronous measurements of 
wind velocity profiles above the center of Moscow and in an adjoining rural area. Earlier such comparisons 
were not done for Moscow, and it is difficult to imagine that other methods would work. Only simultaneous 
measurements at several points provide а pattern of the spatial variations of the wind field, а pattern 
determined Ьу urban development and the effect of the city's "heat island." This proЫem, which is being 
solved for many Ьig cities in the world, is still of high priority for Moscow. 

Our results show that in autumn the wind field in the lower part of the boundary layer is fairly 
homogeneous. This conclusion is important for organizing the monitoring of that meteorological conditions 
that affect the buildup and local transport of pollution. 

We note that the data obtained in the three weeks when the observations took place cannot serve as 
а basis for drawing final conclusions. They can only illustrate the possiЬle situation, show how the data 
of real measurements in the center of а Ьig city may differ from the results of observation in the nearest 
locations, and Ье the first part of а long program of measuring the wind field in the atmospheric boundary 
layer above Moscow. Many more measurement in other seasons are needed if we want to arrive at reliaЫe 
conclusions. 

We would like to express our gratitude to Е. А. Shurygin for his help in gathering information at the 
Zvenigorod Research Station, Obukhov Aerophysics lnstitute, Russian Academy of Sciences. 

This work was supported from the Russian Foundation for Basic Research (Grants 05-05-64786 and 
04-05-64167). 

REFERENCES 

1. К. Juda-Rezer, in: P.N. Cheremisinoff, ed., Encyclopedia of Environment Control Technology, vol. 2, 
р. 83, Gulf PuЫishing, 1989. 

2. V.M. Kopeikin, V.N. Kapustin, and M.S. Pekur, Izv. Ross. Akad. Nauk, Ser. Fiz. Atmos. Okeana, 
vol. 29, р. 198, 1993. 

3. M.S. Pekour and М.А. Kallistratova, Appl. Phys. В, vol. 57, р. 49, 1993. 
4. D.P. Lalas, D.N. Asimakopoulos, D.G. Deligiorgi, and C.G. Helmis, Atmos. Environ., vol. 17, р. 1621, 

1983. 
5. Р. Castracane, L. Selmi, S. Casadio, et а! . , Phys. Chem. Earth, Part В, vol. 26, р. 239, 2001. 
6. М. Piringer and К. Baumann, Phys. Chem. Earth, Part В, vol. 26, р. 881, 2001. 

72 



Moscow University 
Physicз Bulletin 

7. J. Walczewski, Wiad. IMGW {Reports of IMWM), vol. 17, р. 91, 1994. 

Vol. 60, No. 5 

8. С. Cassardo, R. Forza, М. Manfrin, et al., in: Proc. 1 lth Int. Symp. Acoust. Remote Sensing, р . 311, 
Rome, 2002. 

9. G. Mastrantonio, А. Viola, S. Argentini, et al., Bound. Layer Meteorol., vol. 71, р. 67, 1994. 
10. Е. Dupont, L. Menut, В. Carissimo, et al., Atmos. Environ., vol. 33, р . 979, 1999. 
11. E.D. Тroude, В . Carissimo, and А.1. Flossmann, Bound. Layer Meteorol., vol. 103, р. 493, 2002. 
12. М.А. Kallistratova and M.S. Pekour, in: Proc. 7th Int. Symp. Acoust. Remote Sensing, р. 713, Boulder, 

1994. 
13. V.P. Yushkov, М.А. Kallistratova, E.V. Karavaeva, et а!., Vestn. Mosk. Univ. Fiz. Astron., no. 5, р. 47, 

2003 (Moscow University Phys. Bull. , no. 5, р. 61 , 2003) . 
14. N.L. Byzova and L.M. Khachaturova, in: Proc. Central Нigh-Altitude Hydrometeorological Observatory 

(in Russian), vol. 20, no. 1, р. 3, 1984. 
15. М. Roth, Q.J.R. Meteorol. Soc., vol. 126, р. 941, 2000. 

21 September 2004 Department of Physics of Atmosphere 

73 


