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Abstract We evaluate the statistical properties of low-level jets (LLJs) observed by means
of a network of Doppler sodars in the Moscow region, Russia. Continuous long-term mea-
surements of the echo-signal intensity and wind-velocity profiles were carried out in July
2005 and in 2008–2010 synchronously in the centre of Moscow and at a rural site. The
summertime nocturnal LLJs have a very clear diurnal cycle and exhibit features predicted
by the Blackadar mechanism. In contrast, the long-lasting wintertime jets do not have any
clear diurnal variability. The urban environment strongly influences LLJs in both seasons:
above the city LLJs are higher, weaker and observed more rarely than at the rural site. In
very cold periods (air temperature below −8◦C) no LLJs were observed over the city, instead
convection emerged in the urban boundary layer. The results are based on observations made
in July 2005, January and December 2009, and January 2011.

Keywords Low-level jets · Sodar · Urban Boundary Layer

1 Introduction

The low-level jet (LLJ) is a mesoscale flow phenomenon that appears in a stably-stratified
atmospheric boundary layer (ABL). The LLJ is characterized by a sharp maximum in the
wind-speed profile within hundreds of metres above the surface. LLJs have small vertical
extent (about tens to hundreds metres), but their horizontal extent can exceed hundreds of
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kilometres. The studies of LLJs are important for understanding the structure and dynamics
of a stably-stratified ABL, and for many practical applications as well.

Experimental studies of LLJs have been reported extensively (see e.g. Bonner 1968;
Garratt 1982; Brook 1985; Kraus et al. 1985; Parish et al. 1988; Lettau 1990; Sjostedt et al.
1990; Beyrich 1994; Mitchell et al. 1995; Whiteman et al. 1997; Banta et al. 2002; Song
et al. 2005; Baas et al. 2009; Karipot et al. 2009), however, up to now there is no commonly
accepted criterion for identifying the LLJ, since such flows can be of different origins (such
as breezes, mountain-valley circulation, synoptic baroclinity, atmospheric fronts etc.) and
behave differently. In this study we focus on the LLJs that appear regularly in the stable ABL
over a flat homogeneous terrain. Such LLJs are not usually seen in the regional climatological
wind-speed profiles due to high variability in the shape and the parameters of the LLJ wind
profile.

The maximum speed Vmax and height Zmax of the jet core vary during a night and from
day to day. This variability results in relatively smooth monthly-averaged profiles. However,
if the profiles are scaled to the mean height of the jet core before averaging, the jet clearly
appears in the average profile. The wind-speed profile averaged in such a way is an important
climatological characteristic of a region, since the presence of a jet in the ABL influences the
heat and mass exchange, short-range transport and dispersion of admixtures. Jet-type profiles
are also of importance for wind-energy and flight-safety applications.

The observations of LLJs have been underway for more than half a century in many
countries using tall masts, free and tethered balloons, kites and aircraft. Most of the reported
observations of LLJs were carried out over the US Great Plains (Parish et al. 1988; Whiteman
et al. 1997; Karipot et al. 2009), over the Australian plains (Garratt 1985; Brook 1985), and
in northern Europe (Kraus et al. 1985; van Ulden and Wieringa 1996; Baas et al. 2009).
In the last few decades, the appearance of new ground-based remote sensing techniques
have started a new age in LLJ studies. The LLJs were studied remotely with Doppler sodars
(Coulter 1981; Beyrich 1994; Emeis et al. 2007; Kallistratova et al. 2009), radars (Zhong
et al. 1996; Song et al. 2005), and lidars (Banta et al. 2002; Wang et al. 2007; Banta 2008).

Most of the published experimental studies on LLJs consider LLJs that emerge during
summer nights in mid-latitudes. The experimental studies of LLJs that accompany long-lived
wintertime inversions over snow-covered surfaces are few. The LLJs over snow surfaces were
studied in the Antarctic (Andreas et al. 2000; Anderson 2003; King et al. 2008) and in the
Arctic (Vihma and Brümmer 2002; Brümmer and Thiemann 2002; Vihma et al. 2005). The
main parameters of LLJs obtained in the latter studies are similar to those of nocturnal sum-
mertime LLJs. However, we have found only one study (Andreas et al. 2000), where the
statistical data on LLJs over snow-covered surface are given. The measurements over the
Arctic are few since they were performed by means of aircraft. The long-lived inversions
appear quite often in winter over most of the Russian territory (see e.g. Serreze et al. 1992).
The studies of wintertime jet flows are of importance also for Canada and Nordic countries
where the snow cover is long-lasting (Henderson and Leathers 2010).

More than half-century ago Blackadar (1957) proposed a physical hypothesis on the ori-
gin of super-geostrophic nocturnal jet flows. His theory of the LLJ is based on the inertial
oscillation due to the Coriolis force, after the decoupling of the flow from the surface friction,
when turbulence decays in the evening. The wind velocity V in an atmospheric layer during
the daytime is assumed to provide the Coriolis force that compensates the pressure gradient
and frictional forces. After the vanishing of surface friction, the velocity in the layer starts to
oscillate around the new equilibrium state given by the geostrophic velocity Vg, so the vector
W(t) = Vg − V(t) turns at the rate given by the Coriolis parameter. These oscillations result
in super-geostrophic speeds after some time (Fig. 1).
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Fig. 1 The inertial oscillation of
the wind vector around the
geostrophic wind
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The Blackadar mechanism with some modifications is considered in many studies (see
e.g. Baas et al. 2009; Van de Wiel et al. 2010; Shapiro and Fedorovich 2010). It is not yet
clear, however, if the inertial oscillations are significant for the LLJ appearance in the long-
lived temperature inversions over snow-covered surfaces, when diurnal changes in the ABL
thermal stratification are small.

Studies of LLJs over an urban area have began relatively recently. In most of such studies
(see e.g. Verghese et al. 2003; Frehlich et al. 2006; Wang et al. 2007) only selected examples of
wind-speed and turbulence profiles within the jet streams over some cities (e.g. Philadelphia,
Washington, Oklahoma City) are considered. Note, that these studies do not have compari-
sons of synchronous urban and rural observations, so it is not clear if the profiles are relevant
to the urban environment or to the whole region. The synchronous ABL characteristics in
urban and rural environments were studied in Rome (Mastrantonio et al. 1994).

Until recently, there were no dedicated studies of LLJs in Russia, though LLJs were
observed in the 1980s at a 300-m meteorological mast in Obninsk (Byzova 1982), and during
studies of the ABL with Doppler sodars (Kallistratova et al. 1985, 1987; Tsvang et al. 1985;
Kallistratova 1994).

In the present study we summarize the average parameters of LLJs observed by means of
Doppler sodars in summer 2005 and in winter 2009–2010 over the Moscow city centre and
over a rural area nearby. This study has a threefold aim:

– to examine the Blackadar mechanism for the formation of summertime and wintertime
LLJs;

– to compare the parameters of LLJs and ABL stratification observed synchronously in
urban and rural areas;

– to compare the statistical data on the mean parameters of urban and rural LLJs in both
seasons.

The data used for our study were obtained with monostatic Doppler sodars. Sodar has cer-
tain advantages over other ground-based remote sensing for high-resolution measurements of
the wind-speed profile within shallow inversion layers in the ABL (Coulter and Kallistratova
1999). Sodars are relatively inexpensive, have simple data processing routines and are suit-
able for a continuous long-term operation. Moreover, sodars provide the visualization of the
vertical structure of the thermal turbulence within the ABL and allow for determination of
several parameters of turbulence. The drawback of sodars is their low height range, which is
often limited by the inversion height, preventing it from depicting the upper part of an LLJ.

The results given herein are based on a limited selected set of data obtained during one
summer month and three winter months. The statistical analysis of LLJ properties for win-
ter and summer is based on two 30-day datasets. Section 2 contains the description of the
measuring sites, equipment used, and data processing. In Sect. 3 we compare the predictions
of the Blackadar theory to the properties of nocturnal LLJs observed in a rural area, while

123



162 M. A. Kallistratova, R. D. Kouznetsov

Fig. 2 The sodar measurement sites in the Moscow region. Built-up areas are marked in white

in Sect. 4 we show the difference of urban and rural nocturnal LLJs. Then we describe the
long-lived wintertime LLJs in the rural and in the urban areas (Sect. 5), and demonstrate the
connection between LLJ occurrence and the thermal stratification of an urban ABL (Sect. 6).
The statistical parameters of LLJs in winter and in summer above urban and rural areas are
given in Sect. 7, with conclusions summarized in Sect. 8.

2 Measurement Sites, Equipment and Data Processing

Vertical profiles of the wind speed were measured by sodars synchronously at three sites in
the Moscow region. The region is mostly flat, with some small 20–80 m hills, and the mean
elevation is about 150 m above ground. The region has a temperate continental climate with
warm summers and long cold winters; typical air temperatures in the summer are around
20◦C, winter temperatures normally fall to approximately −10◦C, though there are periods
with daytime temperatures below −25◦C. Snow cover lasts 3–5 months a year. Moscow has
about 11×106 inhabitants, covers over 1000 km2 area, and has an annual energy consumption
of about 400 TJ (Myagkov 2004).

The locations of the measurement sites are shown in Fig. 2. The site IAPh (55.73◦N,

37.62◦E) is located at the Obukhov Institute of Atmospheric Physics (IAPh), in the cen-
tral part of the city. The site MSU (55.70◦N, 37.53◦E) is at the Physical Department of
Moscow State University, in the south-western part of the city, and the rural measuring site
ZSS (55.70◦N, 36.78◦E) is located about 50 km west of Moscow at Zvenigorod Scientific
Station (ZSS) of the Institute.

The synchronous measurements at IAPh and ZSS were carried out firstly in July 2005.
The continuous sodar measurements are set up at IAPh since 2005, at MSU since 2006 and
at ZSS since 2008. In this study we use mostly the data obtained at IAPh and ZSS. These
sites are located close enough to each other to be within the same meteorological system. On
the other hand, IAPh is located well within the city and ZSS is far enough from it, so at ZSS
the influence of the city can be neglected in the lower part of the ABL for any wind direction.

The three-axis Doppler sodars, type Latan-3 (Kouznetsov 2007), are used at all sites,
having high noise immunity and are suitable for operation in noisy urban environments
(Yushkov et al. 2007). During the measurements the sodars were operated at 1700 Hz carrier
frequency with a 100 ms sounding pulse. The height resolution was set to 20 m, while the
effective sounding range was from 30 m to 200–500 m above ground (depends on the strati-
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fication of the ABL and ambient noise). The initial data on the three wind components along
the sodar antenna axes were acquired every 15 s. For this study the 30-min averaged data
are used. The accuracy for the instantaneous values of Doppler velocities is about 0.3 m s−1,
which results in a 0.1 m2 s−2 uncertainty of velocity variances. The accuracy of the averaged
horizontal velocities is 0.5 m s−1. However, the difference between the velocities within the
same profile is less, since the main source of the errors is the refraction of the sodar beam,
which affects the measured values of velocity within the profile in the same way. We estimate
this accuracy to be less than 0.1 m s−1. The measurements are timed in local daylight saving
time (LDT), which is UTC + 3 hours in winter and UTC + 4 hours in summer.

The vertical structure of the thermal turbulence and the type of thermal stratification of the
ABL were determined with sodar echograms, i.e. the return signal intensity plotted in height-
time coordinates. As an additional means to identify the thermal stratification, the vertical
profiles of horizontal and vertical velocity components were used. There is no commonly
accepted criterion to identify the LLJs. In this study we used a visual inspection of wind pro-
files in a similar manner to that done by Coulter (1981), Andreas et al. (2000) and Banta et al.
(2002). The wind-speed profiles that have a local maximum exceeding by 1 m s−1 the wind
speed above it were considered as jets. Note, that different threshold criteria can be found
in the literature: 6 m s−1 (Bonner 1968), 2 m s−1 (Andreas et al. 2000; Baas et al. 2009),
0.5 m s−1 (Banta et al. 2002; Conangla and Cuxart 2006). The choice of the jet criterion in
these studies substantially depended on the resolution of the equipment used. Also, criteria
that are not based on the speed threshold were used in some studies (Kraus et al. 1985; Beyrich
1994). To characterize LLJs we used the following parameters: the jet-core height Zmax, the
jet maximum speed Vmax, the difference between the jet core speed and geostrophic wind
speed �Vgeo, and the wind direction at the jet core. The statistical properties of LLJs were
derived from hourly-averaged profiles. No additional selection of the data was made, thus
the statistics represent the natural set of conditions for the region during the measurements.

The data on geostrophic winds were derived from the pressure fields of the operational
forecasts of the European Centre for Medium-Range Weather Forecasts (ECMWF). The
meteorological fields are stored in the archive with a time resolution of 3 h, and data assimi-
lation is performed every 12 h. Thus the resulting fields are the analysis, and 3-, 6- and 9-h
forecasts. The data on sea-level pressure of 0.15-degree resolution were interpolated around
the location of the measurement site, where the horizontal pressure gradient was calculated.

3 Nocturnal LLJs and the Geostrophic Wind

To examine the predictions of the Blackadar model, we used the sodar measurements at ZSS
during 27 days in July 2005. The close connection between the formation of the LLJ and
the appearance of the nocturnal inversion is seen from matching the sodar echogram with
wind-speed profiles (Fig. 3). A similar situation could be observed almost every summer
night when the sky was clear. The distinguishable wind-speed maximum appeared about 2 h
after the evening decay of thermal turbulence (around 2000 in Fig. 3).

The Blackadar model predicts the period of the oscillations T = 2π/ f , where f =
2Ω sin ϕ is the Coriolis parameter, Ω is the angular speed of the Earth’s rotation and ϕ is
latitude. At the latitude of Moscow T � 14 h. The maximum wind speed in the jet core in
most of the cases was recorded at 0300–0400 local time, i.e. � T/2 = 7 h after the evening
cessation of turbulence, which agrees with the model.

The inertial oscillations can be clearly seen in the hodographs of wind velocity at the jet
height (Fig. 4). When the geostrophic wind does not vary strongly in time, the pattern is very
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Fig. 3 The sodar echogram and corresponding wind-speed profiles showing the formation of the LLJ after
the decay of turbulence near sunset. Sunset and sunrise are marked with arrows: ZSS 28–29 July 2005
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Fig. 4 The wind velocities at the jet-core height (red) and geostrophic velocities (blue) for three nights. The
numbers at the points show corresponding local time (h). When no LLJ was detected the wind velocity at 80 m
is taken, no bullet is shown for these points

similar to that predicted by the Blackadar model. For nine nights out of a total of 27, the hod-
ographs indicate the clear effect of the oscillations, and for four nights the oscillations could
be recognised. In all cases of oscillation-like patterns the rotation occurs in the clockwise
direction, which also agrees with the Blackadar model.

During nights when the oscillations were not seen in the hodographs, the pressure gradient
and the geostrophic velocity varied significantly. Thus the variability of the pressure gradi-
ent is probably the main factor preventing the development of the oscillations. This agrees
with the statement of Lundquist (2003), that the inertial oscillations are masked by other
phenomena occurring at the same time (baroclinity, frontal passages, precipitation, etc.).

The Blackadar (1957) model also states that the jet-core height Zmax coincides with the
height of the ground-based inversion Z inv, which agrees with our data (Fig. 5a). Such a coin-
cidence is due to the feedback that maintains the steady configuration of the ABL: when the
inversion becomes higher, the turbulence production due to wind shear in the ABL decreases,
preventing the elevation of the inversion beyond the equilibrium height, and vice versa.

Following Beyrich (1997) and Beyrich and Weill (1993) we have determined the inver-
sion height from the vertical profile of the sodar return intensity, which is proportional to the
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Fig. 5 The jet-core height Zmax versus the inversion height Zinv at the urban and rural sites in July 2005 (a).
The examples of the echo-signal intensity profiles and corresponding wind-speed profiles in LLJ (b)

temperature structure parameter. The examples of the return-intensity profiles, together with
wind-speed profiles, are given in Fig. 5b.

The problem of a connection between Zmax and Z inv has been discussed previously, and
numerous experiments were performed to clarify this issue but the conclusions are contra-
dictory (see e.g. Andreas et al. 2000; Milionis and Davies 2002). It is probably caused by
poor accuracy in Z invderived from the temperature profiles. The advantages of sodars among
other means for determining Z invwere pointed out earlier by Arya (1981) and Garratt (1982).
Though different points of the return intensity profile can be taken as Z inv, in most cases
the accuracy of the sodar is about 20–30 m (Beyrich and Weill 1993). This estimate agrees
with the data of Balsley et al. (2006), who used a tethered balloon to measure the high-
resolution profiles of the wind speed, temperature, temperature structure parameter, and the
kinetic energy dissipation rate. However, the upper boundaries of weak inversions are usually
vague. For the case given in the top panel of (Fig. 5b) the uncertainty can be as large as 100 m.

4 The Influence of the Urban Environment on Nocturnal LLJs

The simultaneous sodar measurements at the urban and rural sites revealed significant differ-
ences in the structure and evolution of the urban and rural ABL. The synchronous echograms
(Fig. 6) clearly indicate the influence of the urban heat island (UHI) on the structure of the
ABL. In the city the inversion layer is thicker and less variable during the nighttime, while
the morning rise of the inversion layer is much less pronounced at the urban site.

The urban–rural difference shows up in wind speed-profiles as well. The jet core in the
city is higher than at the rural site. The measurements of the jet profile below 120 m at the
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Fig. 6 The sodar echograms and hourly-averaged wind-speed profiles at rural (ZSS) and urban (IAPh) sites
during the night of 31 July 2005

urban site are sometimes affected by ground clutter, which are hard to avoid in nocturnal
sodar measurements in a built-up area. However, the shape of the wind profiles from above
that height and the decreased return-signal intensity indicate the presence of a significant
layer of smaller wind shear close to the ground. This layer appears due to the greater surface
roughness and weaker cooling at the urban surface than in the surrounding rural area.

The influence of the urban surface on the nocturnal inversion has been observed earlier in
many studies (e.g. Godowitch et al. 1985; Uno et al. 1988). A more detailed comparison of
summertime nocturnal LLJs in urban and rural environment in Moscow region can be found
in Kallistratova et al. (2009).

5 The Long-Lived Wintertime LLJs

Unlike in summertime, the wintertime ABL does not have such a strong diurnal variabil-
ity, and thus LLJs have a much greater lifetime. The histograms of LLJ duration for urban
and rural sites in summer and winter are shown in Fig. 7. We never observed summer-
time LLJs that lasted more than 13 h, whereas the wintertime LLJs could last for four
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Fig. 7 The durations of LLJs in June 2005 (a) and in December 2009 (b) at the rural (ZSS) and urban (IAPh)
sites

or more days. The maximum lifetime of the summertime LLJs in an urban area is much
shorter than that in a rural area. The duration of the urban wintertime LLJs is not given in
Fig. 7 because it was much shorter than the width of the first bar in the respective histo-
gram.

Examples of sodar echograms and wind-speed charts (Fig. 8a, b) show typical temporal
variability of the long-lived winter inversions. A layered structure of the echo-signal persists
during the whole day. The inversion height varies during the day, the turbulent mixing also
changes, but does not decay, so the LLJ persists. Figure 8c shows a similar plot for the sum-
mertime, when the diurnal change of the stratification type and evening decay of turbulence
is clear.

Besides, Fig. 8 demonstrates shortcomings of the monostatic acoustic sounding. In the
absence of residual turbulence, the height range is limited by the height of the radiative
inversion, and does not allow for measurements of the wind speed in the upper part of the jet
flow. Figure 9a shows the correlation between the jet-core height and the inversion height for
urban and rural sites in wintertime. The scattering of points for wintertime is larger than in
the similar plot for summertime (see Fig. 5), and, moreover, for the rural site the correlation
coefficient R is less than for the urban site. The reason probably relates to the larger fraction
of weak inversions in wintertime, so the accuracy of the inversion height determination was
lower. Overall, in wintertime, for long-lived LLJs the height of the inversion is also connected
with the jet-core height.

The hodographs for wintertime jets have not revealed any clear evidence of inertial oscil-
lations during two months in winter 2009–2010. Thus, the role of Coriolis forces and diurnal
variations of the turbulent exchange coefficients in the formation and variability of the win-
tertime LLJ is not clear. The connection of the wind speed in the jet core with the geostrophic
wind speed for wintertime is shown in Fig. 9b. On average, the wind speed in the jet core
increases as the geostrophic wind increases although the correlation is poor. Vmax exceeds
Vgeo in about half of the cases.

The wintertime LLJs did not exhibit any directional preference, thus the effect of orogra-
phy on their formation is small. Their long persistence indicates that their formation due to
atmospheric fronts is also unlikely. A more realistic reason for their appearance is the com-
bined effect of baroclinity, varying horizontal pressure gradient and variations in the layered
structure of wintertime inversions, which could lead to different amplitudes and initial phases
of oscillations in different layers. Due to the limitations of sodars we could not examine this
hypothesis from our experiments.
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Fig. 8 The sodar echograms and wind-speed charts for long-lived wintertime inversions in the rural area (a
and b, ZSS, January 2010); same for summertime (c, ZSS, July 2005)

Fig. 9 The jet-core height versus the inversion height at rural (ZSS) and urban (IAPh) sites in January 2009
(a), and the wind speed in the jet core versus the geostrophic wind for rural (ZSS) site in January 2010 (b)
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Fig. 10 Sodar echograms, wind-speed and vertical-velocity-variance profiles at urban (three upper panels)
and rural (three lower panels) sites, 15 December 2009. T = −22◦C

6 The Influence of the Urban Heat Island on Wintertime ABL Stratification

The LLJs are seldom formed over the city centre in wintertime. Synchronous echograms
at IAPh and ZSS sites clearly show the effect of the UHI on the turbulent mixing in the
wintertime ABL (Fig. 10). The urban echogram indicates well-developed convection,
whereas at the rural site a temperature inversion and jet are observed.

In winter, at the rural site, the temperature inversions can last continuously for several
days. Under very low temperatures, a long-lived convective layer forms over the Moscow
city centre in the lower 400 m. This convection is caused by the anthropogenic heat release by
domestic heating, traffic, and electrical energy production. The convection has been regularly
observed at the urban site during the cold winter of 2009–2010. At higher air temperatures
(>−5◦C) the urban–rural difference was much less pronounced.

We have distinguished three types of urban-influenced wintertime boundary layer. The
statistics of these types have been calculated for December 2009–January 2010 (total 1306 h
of synchronous measurements). The developed convection in an urban environment with
stable stratification of the rural ABL (Type 1) has been observed for 732 h (�55% of cases).
This type occurs mostly when the air temperature is below −8◦C, and the longest period of
persistence of this type was about 120 h. A Type 2 is characterized by a near-neutrally strat-
ified urban boundary layer with stable rural ABL, and covers 150 h (�15%). Under cloudy
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Table 1 Mean vertical-speed variances σ 2
w and corresponding eddy exchange coefficients KT for the urban

and the rural sites during December 2009

Class 1 Class 2 Class 3

σ 2
w (urban) ( m2 s−2) 0.9 0.5 0.2

σ 2
w (rural) ( m2 s−2) 0.1 0.1 0.2

KT (urban) ( m2 s−1) 120 15 9

KT (rural) ( m2 s−1) 3 6 7

The values of σ 2
w and ∂U/∂z were averaged over the sodar range below 200 m a.s.l.

weather with strong winds near-neutral stratification at both sites occurs (Type 3), a period
covers 409 h (�30%). The lack of joint data for eight days was caused by the malfunction
of the sodars at one or both sites due to heavy snowfall.

The convection intensifies the mixing in the urban boundary layer. To evaluate the mixing
intensity we estimated the turbulent exchange coefficient KT using the approach developed
by Kouznetsov et al. (2007), which utilizes the variance of the vertical wind component σ 2

w
as a surrogate of the momentum flux:

KT � σ 2
w

∂V/∂z
. (1)

The estimated typical values of KT in the ABL for three types of the urban-influenced
wintertime boundary layer are summarized in Table 1, where it is clear that the values of KT

over the city significantly exceed those over the rural site. Note that the values in Table 1
were obtained by processing of a small part of the experimental data acquired, and therefore
cannot be regarded as mean weather statistics.

It is generally accepted that the UHI negatively affects the comfort and health of the
population. Different measures are undertaken all around the world to mitigate the UHI (see
e.g. Rosenfeld et al. 1998; Corburn 2009). However, as is shown above, the UHI results in
a significant increase in turbulent exchange in the urban ABL. Thus the UHI leads to the
intensification of the removal of pollutants emitted close to the surface, from the lower part
of the urban ABL. A similar positive effect of UHI has been recognized recently in Hong
Kong (Yang and Li 2009).

7 The Statistics of LLJs

In this section we show the statistical parameters of LLJs above the Moscow city centre and
above the nearby rural area for July 2005 and January 2009. The comparison of the appear-
ance of LLJs at urban and at rural sites in summertime (July 2005) and wintertime (January
2009) is given in Table 2. In summertime the LLJs were observed at the rural site for most of
the nocturnal hours, while at the urban site LLJs are less frequent. In wintertime, jets at the
rural site were observed for more than half of the time, whereas only a few cases of urban
LLJs were observed at the same time.

The time of appearance of LLJs during the day differs among the sites (Fig. 11a). In the
rural area the number of LLJs is almost evenly distributed during the night: the LLJ emerges
about 2 h before the sunset, and lasts till approximately 4 h after sunrise (in July sunset
is about 2200 LDT and sunrise is about 0400 LDT). In the urban area, summertime LLJs
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Table 2 Number of hours of
LLJs appearance for summertime
and wintertime

For summertime only nocturnal
hours (from 2100 till 0900 LDT)
are accounted

Total At both sites At ZSS only At Moscow only No LLJs

Summertime, nocturnal

324 84 134 40 66

100% 26% 42% 12% 20%

Wintertime

744 71 348 12 313

100% 9% 46% 1% 42%
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Fig. 11 The statistics of LLJs over the urban and rural sites for summertime (July 2005, left) and wintertime
(January 2009, right). The diurnal appearance (a), and the distributions of jet-core height Zmax(b) and jet-core
wind speed Vmax(c)

emerge much later, mostly after midnight and last for a shorter time. The wintertime LLJs
are almost evenly distributed over the day in the rural area, whereas in the urban area they
were observed mostly at night-time and early in the morning.

The jet core at the urban site is located higher than that at the rural site in both seasons
(Fig. 11b). The urban surface prevents the formation of shallow inversions and associated
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LLJs, due to its higher roughness and weaker cooling. The reasons for the preferred height
of the LLJ core at the rural site in wintertime are not clear.

The LLJ core speed is generally higher at the rural site (Fig. 11c), especially in win-
ter. Thus, in the wintertime the effect of the urban boundary layer is greater. Strong LLJs
(>6 m s−1 in summer and >9 m s−1 in winter) appear over both sites with practically equal
frequency.

The histograms shown in Fig. 11 are based on a small fraction of the data acquired and
cannot be considered as climatological. However, they show several general features of LLJs
in the Moscow region and their seasonal differences. The differences between LLJs in the
urban and rural areas can be explained by the general difference in the ABL stratification
due to the UHI effect. Since LLJs are closely related to the inversion layers, the difference
between the summertime and wintertime LLJs also reflects the statistics of the inversion
characteristics (see e.g. Pekour and Kallistratova 1993).

8 Conclusions

Despite several general limitations of a monostatic sodar, it is a convenient tool for long-
term observations of LLJs and for the determination of their basic characteristics. The main
advantage of a sodar is its ability to measure spatial and temporal features of LLJs and also
to reveal the dynamics of the vertical structure of thermal turbulence in the ABL.

By means of a synchronous sodar measurements at two points, we have obtained the
statistics of the main parameters of LLJs at urban and rural sites, including the first data on
long-lived winter LLJs over land. The parameters of summertime nocturnal LLJs in a rural
area agree with the Blackadar model for super-geostrophic jet flows. However, this model can
hardly be applied to the long-lived wintertime LLJs when the diurnal variations of turbulent
exchange are small. No clear inertial oscillation caused by the diurnal cycle on wintertime
LLJs was detected. The effect of inertial oscillation caused by the variability of the turbulent
viscosity within and above the inversion layer cannot be revealed with sodars due to their
limited sounding range. Also, another mechanism (e.g. that proposed by Zilitinkevich et al.
1998 or by Chimonas 2005) could probably be responsible for the formation of wintertime
LLJs. Since no clear reason for the appearance of long-lived wintry LLJs over homogeneous
terrain is identified, further research is needed to reconfirm their existence from independent
observations, and to develop relevant models for the phenomenon.

Both in summertime and in wintertime, the jet-core height is close to the height of the top
of the ground-based or elevated inversion. This indicates the tight link between these two
phenomena, so the emergence and properties of LLJs and temperature inversions have to be
studied together.

Significant differences between the characteristics of summertime LLJs at urban and rural
sites were found. The jets at the urban site appear more seldom, emerge later, are weaker and
located higher than those at the rural site. These differences are likely caused by the storage
heat and higher roughness of the urban surface, which influence the thermal structure of the
urban ABL. The influence of the city on wintertime LLJs is even stronger. In winter, LLJs
over the rural site are almost insensitive to the diurnal variations and can last for several days.
In contrast, over the city the wintertime LLJs are observed rarely. Moreover, the radiative
inversions practically are not formed over the urban site at low temperatures; instead, the
convection emerges due to anthropogenic heat.

The variance of the vertical wind component above the city centre during the wintertime
convection is often as large as in summer. During such convection, the turbulent mixing is at
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least an order of magnitude more intense than that observed at the rural site. This convection
intensifies the removal of pollutants from the lower part of the urban ABL, and is obviously
of great importance for the city and regional-scale air-quality modelling.
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